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The main focus of this project was to explore pellet composition and formation by 
extrusion-spheronization. Two types of pelletization aids, microcrystalline cellulose 
(MCC) and cross-linked polyvinyl pyrrolidone (X-PVP), were characterized, 
particularly, their interactions with the moistening liquid and behavioural changes 
during the different wet processing steps of extrusion-spheronization. During wet 
processing, MCC particles de-aggregate into smaller individual particles, whereas the 
size of X-PVP particles remained largely unaltered. It was observed that the 
pelletization aid functionality of a material was dependent on its actual in-situ (in 
process) particle size during the different steps of extrusion-spheronization. 
Formulations containing pelletization aid with smaller in-process pelletization aid 
particle size generally produced better quality pellets. Quality of pellets from 
formulation containing pelletization aid with larger in-process particle size could be 
improved by adjusting the process and formulation variables.  
From the investigations on different process and formulation approaches to achieving 
a balance between cohesive and frictional forces during spheronization, it was 
proposed that good packing of the component particles was the critical factor for 
successful pellet production by extrusion-spheronization. As proof of concept, pellets 
were prepared with merely pharmaceutical fillers or drug by adjustment of different 
formulation and process variables in favour of good packing. The influence of 
component material type, particle size and size distribution on pellet surface 
roughness, disintegration and drug dissolution were also investigated. Although 
surface roughness of pellets was influenced by the particle size and size distribution 




influenced by particle size and size distribution of the component materials. Findings 
of this project represent a step forward in understanding in the mechanism of pellet 
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CHAPTER I. INTRODUCTION 
Pelletization is a size enlargement process that converts fine particles into small (0.5 
to 1.5 mm), discrete free flowing highly spherical units termed as pellets. Interest in 
pellets as dosage forms has been on the rise since their multi-particulate 
characteristics allow therapeutic as well as technological advantages over 
conventional single unit solid dosage forms such as tablets (Ghebre-Sellassie, 1989). 
A number of therapeutic advantages of pellets have been reported, including reduction 
of local irritation by reducing local drug concentration (Bechgaard and Nielsen, 
1978), less susceptibility to dose dumping (Ghebre-Sellassie, 1989), optimization of 
drug absorption (Bechgaard and Nielsen, 1978) and reduction in gastric emptying rate 
(Krämer, 1994). Furthermore, pellets offer the possibility of tailoring the desired drug 
release profile by blending pellets containing the same drug but with different release 
rates in appropriate ratios. Pellets also provide a means for combining several active 
components or incompatible drugs in the same dosage form. Their smooth surface 
morphology, narrow size distribution, spherical shape, free flowability, ability to pack 
uniformly and low friability contribute to their technological advantage in coating and 
capsule filling (Erkoboni, 2003). Pellets can be produced by a variety of processes 
including balling, rotary processing, melt pelletization, spray congealing and 
extrusion-spheronization. Among these processes, extrusion-spheronization is 
commonly used in the pharmaceutical industry due to its robustness, ease of 
operation, high throughput with low waste and high efficiency (Shah et al., 1995, 
Rowe and Sadeghnejad, 1987).  
Given the industrial importance, this project focuses on pellet production by 
extrusion-spheronization. In this chapter, an overview of the extrusion-spheronization 
process and pre-formulation studies on the materials used for extrusion-
3 
 
spheronization are presented. In addition, current challenges, i.e. research gaps in the 
field of extrusion-spheronization with regard to pelletization aid functionality, desired 
wet mass properties and concepts of pellet formation are further illustrated. In the 
following chapter, i.e. chapter II, the hypothesis is proposed and a series of research 
objectives are set out to test the proposed hypothesis and fill the research gaps. In 
chapter III, the experimental methods employed to achieve the research objectives are 
described. In chapter IV, the experimental results are reported and discussed 
accordingly. In the last part, chapter V, the conclusions on the studies are drawn and 
some future directions are given.  
1 Extrusion-spheronization  
The extrusion-spheronization technique was first described and referred to as 
‘marumerization’ by the Japanese according to the trademark of Fuji Denki Kogyo 
Company (Osaka, Japan) in a patent by Nakahara (1964). The process went largely 
unnoticed in the pharmaceutical industry till the 1970s, when Conine and Hadley 
(1970), and Reynolds (1970) published their papers on the production of spherical 
particles using extrusion-spheronization. 
Extrusion-spheronization is a multistep process which includes steps for wet massing, 
extrusion, spheronization and drying. Firstly, a suitable moistening liquid is added to 
a uniform powder blend to form a wet mass. The wet mass is then pressed through an 
extrusion screen to form cylindrical extrudates. These cylindrical extrudates are then 
broken up into small cylindrical rods which are subsequently rounded into pellets by 
means of a fast-rotating frictional base plate. Finally, the pellets are dried using a 
suitable dryer. The quality of the produced pellets depends on complex interactions 
between the type of equipment used, and formulation and process variables during the 
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different steps of extrusion-spheronization (Schwartz, 1988, Baert et al., 1993b, Shah 
et al., 1995, Sonaglio et al., 1995, Vervaet et al., 1995). 
1.1 Equipment used  
As extrusion-spheronization is a multi-step process, it requires multiple equipment. 
The equipment used in the various processing steps of extrusion-spheronization 
process are mixers/blenders for dry powder mixing, granulators for wet massing, 
extruders for extrusion of the wet mass, spheronizers for spheronization of the 
extrudates, and dryers for drying the resultant pellets.  
Dry mixing of ingredients could be carried out using various types of mixers/blenders, 
such as the planetary mixer (Bashaiwoldu et al., 2004), high speed mixer (Kojima and 
Nakagami, 2002), tumbler mixer (Koo and Heng, 2001) and twin shell blender (Bruce 
et al., 2003) to obtain a homogeneous powder blend. Subsequently, the homogeneous 
powder blend is moistened with a moistening liquid to obtain a wet mass. Different 
types of granulators, such as planetary mixer (O'Connor and Schwartz, 1985, 
Bashaiwoldu et al., 2004, Pinto et al., 1992, Tapia et al., 1993, Mezreb et al., 2004, 
O'Connor et al., 1984, Fielden, 1988), high shear mixer (Elbers et al., 1992, Ku et al., 
1993) and sigma blade mixer (Woodruff and Nuessle, 1972), have been employed for 
wet massing. In the wet massing step, the evaporation of the moistening liquid may be 
a major problem especially with the high shear mixer. The high shear mixer 
introduces a high amount of energy into the wet mass. A part of this energy 
transforms into heat and raises the temperature of the wet mass which in turn 
promotes the evaporation of the moistening liquid (Baert et al., 1991). In addition, 
loss of moistening liquid could occur due to evaporation of moistening liquid between 
the processing steps. To minimize this loss of moistening liquid, wet massing, 
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extrusion and spheronization steps are performed as quickly as possible with 
minimum intervals between these processing steps (Hellen et al., 1993a, Hellen and 
Yliruusi, 1993, Hellen et al., 1993b). Prevention of moisture loss between the wet 
massing and extrusion steps could also be accomplished by retaining the wet mass in 
a sealed plastic bag until liquid equilibration is achieved in the wet mass (Fielden et 
al., 1989, Fielden et al., 1992c, Bains et al., 1991, Newton, 1992, Pinto et al., 1992, 
Jerwanska et al., 1995).  
In the extrusion step, the wet mass is passed through an extruder to produce 
extrudates with uniform diameter equivalent to the extrusion screen aperture size. Due 
to the commercial availability of different types of extruders with variations in design, 
the degree of the extrusion force varies depending on the extruder type (Shah et al., 
1994). Hence, the extrudates obtained from a similar wet mass but extruded using 
different extruders may not always be of similar quality (Fielden et al., 1992a, Baert 
et al., 1993a, Newton et al., 1995). On the basis of design, extruders can be classified 
into four main categories, i.e. screw, sieve and basket, roll and ram extruders (Vervaet 
et al., 1995).  On the other hand, on the basis of feed mechanism, the extruders are 
classified into three categories, i.e. screw feed, gravity-feed and piston feed extruders 
(Rahman et al., 2009). In the screw extruder, one or two screws feed the wet mass to 
an axial or radial extrusion screen (Reynolds, 1970, Hicks, 1989). In the axial type, 
the extrusion screen is placed at the end of the screw and the extrudates are ejected 
parallel to the motion of the rotating screw. The dome extruder is similar to the axial 
extruder, but it contains an arch-shaped end-plate screen in place of the flat end-plate 
screen in the axial extruder. Extruders with end-plate design, i.e. axial and dome 
extruders, generate high force on the material. This high force associated with end-
plate design assists to produce extrudates with high density. However, heat generation 
6 
 
during the extrusion process due to high friction on the material during its movement 
toward the end plate is also considerably high. This high heat generation increases the 
product temperature which could be detrimental to thermolabile drug substances. 
Furthermore, the end-plate design also develops high dead volume between the feed 
screw and the screen. This dead volume would hold stagnant material.  
In the radial extruder, the extrusion screen is placed around the screw and the 
extrudates are ejected perpendicular to the motion of the rotating screw. In 
comparison to the end-plate design extruders, radial extruders have higher throughput 
and negligible increase in product temperature. Due to the negligible increase in 
product temperature, this type of extruder allows the processing of thermolabile drug 
substances (Ghebre-Sellassie and Knoch, 2002).  
In the gravity-feed extruder, the wet mass is moved by gravitational force. Different 
designs are available for gravity-feed extruders, i.e. rotary cylinder, rotary gear and 
radial. The rotary cylinder type consists of a perforated cylinder and a solid cylinder. 
The perforated cylinder acts as a die while the solid cylinder acts as a pressure roller.  
When the wet mass reaches the nip region of these counter rotating cylinders, the 
solid cylinder applies pressure forcing the wet mass through the perforated cylinder to 
form extrudates. The rotary gear type consists of two perforated gear type cylinders. 
The perforations on the gear are found between the teeth. The counter-rotating motion 
of the cylinders applies pressure on the wet mass, forcing the wet mass through the 
perforations.  
Gravity-feed radial extruders are suitable for a wide range of applications. An 
example of gravity-feed radial extruder is the Nica
TM
 extrusion system. This system 
consists of an impeller and a set of feeder baffles. The feeder baffles push the wet 
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mass towards the radial screen while the impeller forces the wet mass through the 
radial screen die. This unique extrusion system ensures uniform moisture distribution 
as well as negligible temperature rise during the extrusion process (Newton, 2007). 
Ram extruders are probably the oldest type of extruders. This type of extruders 
consists of a piston which forces the wet mass through a die at the end. Ram extruders 
are mostly used in the rubber (Veshchev and Shanin, 1972, Marshall, 1973) and 
plastic (Perrot et al., 2006a, Perrot et al., 2006b, Horrobin and Nedderman, 1998) 
industries. In the pharmaceutical industry, ram extruders are mainly used for the 
extrusion of wax-like substances (Perissutti et al., 2002, Trivedi et al., 2007).  
The extrudates obtained after the extrusion step is then rounded into spherical pellets 
using a spheronizer. A spheronizer comprises a cylindrical bowl with a rotating 
frictional base plate. The frictional base plate is the most important part of this 
equipment. It has a characteristic grooved surface to increase friction. Two geometric 
patterns of grooves, i.e. a cross-hatched and radial, are generally used in 
spheronization (Rowe, 1985). In the cross-hatched pattern, the grooves form right 
angles (Figure 1A), while in the radial pattern, the grooves are running radially from 
the centre of the plate with increasing distances between them (Figure 1B). The cross-
hatched pattern is the most commonly used geometry due to its more economical 
fabrication. 
The final step of the extrusion-spheronization process involves the drying of the 
pellets. Drying is commonly carried out at room temperature (Hasznos et al., 1992, 
Hellen et al., 1993a) or at elevated temperature in a fluidized bed dryer (Thommes 
and Kleinebudde, 2006a, Ku et al., 1993, Baert and Remon, 1993, Pinto et al., 1992) 
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or in an oven (Wan et al., 1993, Souto et al., 2005). The pellets are also dried using a 
microwave oven (Bataille et al., 1993) or a freeze dryer (Huyghebaert et al., 2005). 
 
 
Figure 1. Frictional base plates with (A) cross-hatched and (B) radial geometric 
patterns. 
 
1.2 Formulation variables 
For successful pelletization by extrusion-spheronization, the wet mass must possess 
sufficient cohesive property for successful extrusion. However, the produced 
extrudates should be brittle enough to be broken up into small cylindrical rods without 
completely shattering into a powder during spheronization. In addition, the extrudates 
must be plastic enough to be rounded into spherical units during spheronization 
(Conine and Hadley, 1970, Reynolds, 1970). It is generally accepted that to fulfil 
these requirements of wet mass and extrudates, the formulation requires the presence 
of an excipient, called pelletization aid. The basic formulation for extrusion-





1.2.1 Pelletization aid 
A material to be used as a pelletization aid must possess attributes such as insolubility 
in the moistening liquid, high liquid absorption and retention capacities, good binding 
properties and sufficiently large surface area (Liew et al., 2005a). The most 
commonly used pelletization aid is microcrystalline cellulose (MCC) and it is 
considered as the gold standard. Pelletization aids that have been investigated 
alternatives to MCC are cross-linked polyvinyl pyrolidone (X-PVP), carrageenan, 
hyroxypropyl methylcellulose, hydroxyethyl cellulose, powder cellulose, chitosan and 
maize starch. 
1.2.1.1 MCC as pelletization aid 
Cellulose fibres in MCC are built up by a huge number of microcrystals or 
microfibrils (5-10 nm). The microcrystals are composed of tight bundles of cellulosic 
chains. The cellulosic chain is a linear polymer of β (1→4) linked D glucosyl 
residues. It was postulated that the cohesion of the cellulose microcrystals is largely 
due to the van der Waals attraction between hydrogen-bonded sheets (French et al., 
1993, Cousins and Brown Jr, 1995). Although van der Waals attraction between 
hydrogen-bonded sheets may contribute to cellulose crystal cohesion, the hydroxyl 
groups in cellulose and their ability to hydrogen bond play a major role not only in 
directing the crystalline packing but also in governing the different physical 
characteristics of cellulose (Nishiyama et al., 2003, John and Thomas, 2008). In 
addition, the differences in the physical characteristics of different MCC grades also 
arise from variations in the sources of raw materials and in manufacturing conditions. 
The manufacturing conditions responsible for such variations include pulping 
parameters (e.g. acidic or alkaline treatment, degree of degradation and bleaching), 
and methods for mechanical (e.g. spray drying and milling) as well as chemical (e.g. 
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hydrolysis conditions) processing.  Thus, MCC grades may differ in particle size, 
degree of crystallinity, bulk density and other physico-chemical properties (Rowe and 
Sadeghnejad, 1987, Staniforth et al., 1988, Parker and Rowe, 1991, Parker et al., 
1992, Rowe et al., 1994, Heng and Koo, 2001, Soh et al., 2004). 
1.2.1.1.1 Models explaining pelletization aid functionality of MCC 
MCC is able to absorb and retain a large quantity of liquid due to its large surface area 
and high internal porosity (Shah et al., 1995). In addition, it has good binding 
properties and high cohesiveness. All these properties contribute to the behaviour of 
MCC as an excellent pelletization aid. So far, two models have been reported to 
explain the excellent pelletization aid functionality of MCC.  
 Fielden (1988) described MCC as a molecular sponge owing to its ability to store a 
large amount of liquid, especially water. The sponge-like activity allows this stored 
water to be released during evaporation. This sponge model has its basis in the 
various stages of liquid saturation. This feature is believed to be crucial in controlling 
water movement or distribution within wetted powder masses that are to be 
subsequently extruded and spheronized. During extrusion, the sponges are 
compressed and the stored water is squeezed out to lubricate the material flowing 
through the extruder screen.  
The crystallite gel model, an alternative to the sponge model, was presented by 
Kleinebudde (1997). The model proposed that MCC particles in the formulation are 
broken up into smaller particles by shear forces acting on the particles during 
extrusion in the presence of moistening liquid, particularly water. With increasing 
shear stress, single crystallites of colloidal size occur with increasing shear stress. It 
was hypothesized that these colloidal particles are able to form a delicate crystallite 
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gel network by cross-linking with hydrogen bonds at the amorphous end and 
immobilize the liquid.  
1.2.1.1.2 Pelletization with MCC using water as moistening liquid 
Several studies have been conducted to correlate the different properties and source 
variations of MCC with their rheological and produced pellet properties. Soh et al. 
(2008) investigated the influence of MCC particle size on their rheological properties. 
A series of six fractionated MCC grades were customized to yield different particle 
size varieties (36 to 255 µm) of a commercial grade, Comprecel M 101. Despite the 
marked difference in particle sizes, all the MCC grades required the same amount of 
water to achieve maximum torque value (WTmax) in the mean torque against water 
addition plot. Furthermore, Soh et al. (2004) and Liew et al. (2005b) reported that 
particle size of MCC did not appear to have an effect on both the WTmax and the 
magnitude of maximum torque value (Tmax) in the mean torque against water addition 
plot. However, Rowe and Sadeghnejad (1987) showed that a change in the particle 
size of MCC had a minor effect on WTmax and Tmax.  
From the findings of various researchers, it appears that the source of MCC grades 
has significant influence on their rheological properties. Parker and Rowe (1991) 
pointed out that materials of comparable size but from different sources showed 
distinct differences in WTmax. However, their study was limited by the number of 
source variation. Only three different MCC grades, two commercial grades and one 
manufactured from bacterial source, were used. Chohan and Newton (1996) further 
demonstrated the significant effect of source variation on the rheological properties of 
MCC. They compared rheological properties of MCC grades from different sources 
but with similar particle size and established that physico-chemical characteristics 
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based on the source of cellulose other than particle size had a significant effect on 
their rheological properties. The findings of Newton et al. (1992) also supported the 
significant influence of MCC source variation on the rheological properties. Soh et al. 
(2004) performed a study to categorize eleven MCC grades with different physical 
properties from five different suppliers into different groups on the basis of their 
interaction with water. It was observed that two high density MCC grades, Avicel PH 
301 and Avicel PH 302, exhibited significantly lower WTmax and higher Tmax values. 
However, the remaining nine MCC grades were shown to have similar WTmax and 
Tmax values. 
Sinha et al. (2005) investigated the influence of MCC particle size on the quality of 
pellets produced by the extrusion-spheronization process. They found that the mean 
diameter of the produced pellets was independent of the particle size of MCC grades 
used.  However, in this study, all four MCC grades were purchased from the same 
supplier. Hence, no information could be obtained regarding the influence of source 
variation on the produced pellet quality. Heng and Koo (2001) characterized the 
physical properties of a more extensive range of MCC grades from different suppliers 
and correlated their physical properties with their performance in extrusion-
spheronization. Results showed that particle size, size distribution, porosity and 
source were found to have little influence on the produced pellet quality. However, 
some critical properties, namely packing densities and pore volumes, were identified 
as having strong influences on water requirement for successful pelletization and 
produced pellet quality. Grades with good packing densities required comparatively 
lower amounts of moistening liquid to form coherent extrudates as well as pellets of 
equivalent size compared to those with lower packing densities. 
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In general, MCC-based pellets formed by extrusion-spheronization using water as 
moistening liquid exhibit high yield, low span, high sphericity, high mechanical 
strength (Rowe, 1985) and do not swell or disintegrate readily when placed in an 
aqueous solution (Okada et al., 1987, Schröder, 1995). Indeed in vitro dissolution 
tests showed that these MCC-based pellets exhibited controlled drug release 
properties (O'Connor and Schwartz, 1985, Zimm et al., 1996). 
1.2.1.1.3  Pelletization with MCC using non-aqueous solvents as moistening 
liquid 
Besides water, ethyl alcohol, isopropyl alcohol (IPA) and dimethyl sulfoxide have 
also been used as the moistening liquid for pellet production by extrusion-
spheronization. Millili and Schwartz (1990) investigated the utility of various ethyl 
alcohol-water solvent mixtures as moistening liquid for the production of pellets by 
extrusion-spheronization using a powder blend containing 90 % MCC. Pellets were 
formed when moistening liquid contained ethyl alcohol up to 95 %, but not when 
absolute ethyl alcohol was used. Furthermore, it was observed that pellet hardness and 
sphericity increased as the concentration of ethyl alcohol decreased in the ethyl 
alcohol-water solvent mixture. It was suggested that the differences in hardness based 
on the moistening liquid composition might be due to changes in the extent of both 
intra- and inter-molecular hydrogen bonding within the hydroxyl groups of the MCC 
(Nakai et al., 1977, Huttenrauch, 1971, Reier and Shangraw, 1966).  In contrast, 
Millili et al. (1996) found no significant difference in the diffraction patterns, degree 
of crystallinity or internal energies of oven dried MCC-based pellets prepared using 




Chatlapalli and Rohera (1998a) investigated the applicability of IPA as moistening 
liquid for the production of MCC-based pellets. The produced pellets were highly 
friable and tended to crumble to powder during drying and subsequent handling. This 
problem was overcome by the addition of a binder, hydroxypropyl cellulose (5 % 
w/w) which is soluble in IPA.  
Schroder and Kleinebudde (1995) found that the structure of MCC-based pellets was 
markedly influenced by the concentrations of IPA in the IPA-water solvent mixture, 
used as moistening liquid. In the investigated IPA concentration range (0-60 %), 
porosity of the pellets increased and crushing strength of the pellets decreased with 
increasing concentrations of IPA up to 40 % in the solvent mixture.  A kink was 
observed in a plot of pellet porosity or crushing strength against IPA concentration at 
around 40 % IPA concentration. Furthermore, IPA concentrations exceeding 40 % in 
the moistening liquid resulted in fast and complete disintegration of the resultant 
pellets compared to those prepared with lower fractions of IPA in the solvent mixture. 
This fast disintegration helped to provide rapid dissolution rates of the pellets. It was 
postulated that this phenomenon was due to the change in the MCC particle bonding 
at concentration of 40 % IPA.  
Mascia et al. (2010) recently introduced dimethyl sulfoxide as a non-aqueous 
moistening liquid for pelletization by extrusion-spheronization. Dimethyl sulfoxide is 
a polar solvent and it is used in a number of finished pharmaceutical products. 
However, it is not currently permitted for use in solid oral dosage forms, although it is 
a class III solvent (International Conference on Harmonisation, ICH, Guidelines) 
along with ethyl alcohol and acetone. In this study, functionality of dimethyl sulfoxide 
as moistening liquid was compared with water and ethyl alcohol for MCC-based 
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pellet formation. MCC moistened mass, prepared using dimethyl sulfoxide as 
moistening liquid, was successfully processed to make highly spherical pellets. The 
mechanical strength of pellets prepared using dimethyl sulfoxide was comparable to 
those prepared using water. The authors pointed out that polarity, surface tension and 
viscosity of the moistening liquid were the critical properties of the solvent to be used 
as moistening liquid for successful pelletization by extrusion-spheronization. On the 
basis of the similar microstructure of pellets formulated using dimethyl sulfoxide and 
water as moistening liquids, it was postulated that dimethyl sulfoxide interacts with 
MCC in a similar fashion to water. Furthermore, they explained that ethyl alcohol 
could not solvate the MCC polar group due to its lower polarity and lower surface 
tension than dimethyl sulfoxide and water. Ethyl alcohol was retained in the large 
inter-particular void spaces and could not penetrate into the small micropores in 
MCC.  Therefore, ethyl alcohol could not form hydrogen bonds with the microfibrils 
and did not promote microcrystal rearrangement.  
1.2.1.1.4 MCC-solvent interaction  
Several investigations were carried out to address the moistening liquid selectivity of 
MCC-based formulations for successful production of pellets. Chernoberezhskii et al. 
(2003) studied the aggregation stability of MCC aqueous dispersions over a wide 
range of pH (1-11) using flow ultra-microscopy. The molecular and ion-electrostatic 
components of the inter-particle interaction energy were calculated and were 
compared with those obtained experimentally. A discrepancy between calculated and 
the experimental results of the energy of inter-particle interaction was observed. It 
was assumed that this discrepancy could be due to additional attractive forces between 
the MCC particles which might be attributed to the hydrogen bonding or the dipole-
dipole interactions between hydrated MCC particles.   
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Attenuated total reflection infrared spectroscopy was also used to investigate the 
interactions between MCC and water (Watanabe et al., 2006). Based on the results, 
total drying time was divided into four stages.  Evaporation of bulk water 
predominated during the first two stages, i.e. 0-11 and 14-41 min, whereas loss of 
absorbed water in MCC occurred during the last two stages, i.e. 49-80 and 101-195 
min.  The disruption of inter-chain hydrogen bonds, intra-chain hydrogen bonds, and 
hydrogen bonds in Iβ and Iα crystal forms were particularly observed in the last stage 
of drying. These results indicated that the water molecules and hydroxyl groups of 
MCC constructed hydrogen bonds and stabilized the hydrogen-bonded network of 
MCC. However, the structural feature of MCC was changed after loss of absorbed 
water.  
To understand the effect of granulation on the physical state of water in MCC, 
thermo-porosimetry along with the solute exclusion technique were used for the 
measurement of different water fractions and pore size distributions of both 
ungranulated and granulated wet masses (Luukkonen et al., 2001a). The granulated 
MCC wet masses were prepared in a planetary mixer, whereas ungranulated MCC 
wet masses were made in a mortar. In MCC wet masses, four fractions of water, i.e. 
bulk, free, freezing bound and non-freezing water, were noticed. Granulation 
increased the volume of free water and freezing bound water, whereas it decreased the 
volume of bulk water. On the basis of the obtained results, it was assumed that 
granulation might help to increase the volume of micropores in MCC and convert 
them into macropores which contained free water.  
17 
 
In spite of all these published information regarding the MCC-solvent interaction, 
there is still a lack of information regarding the influence of different solvents as 
moistening liquid on MCC moistened mass properties.  
1.2.1.2  Powdered cellulose as pelletization aid  
Powdered cellulose is chemically similar to MCC but it differs in its high swelling 
behaviour in water (Alvarez et al., 2003, Lindner and Kleinebudde, 1994). In contrast 
to MCC, there is no partial acid hydrolysis step prior to drying for powdered 
cellulose. Absence of this hydrolysis step helps it to retain a higher degree of 
polymerization and a lower crystallinity index compared to MCC. Fechner et al. 
(2003) investigated the effect of powdered cellulose on pellet properties. It was found 
that wet mass obtained from 100 % powdered cellulose was not suitable for extrusion. 
Replacement of a fraction of powdered cellulose with acetaminophen (ACP) reduced 
the water requirement and improved the extrusion process. Similarly, Alvarez et al. 
(2003) reported the successful production of pellets with powdered cellulose and 
furosemide. In comparison to MCC-based pellets, powdered cellulose-based pellets 
had smaller mean size, broader size distribution, greater surface roughness and higher 
friability. The poor quality of the produced pellets was due to the lower binding 
properties of powdered cellulose which was reflected by the lower consistency profile 
of the wet mass containing powdered cellulose. Good quality pellets were produced 
with addition of a binder into the formulation (Lindner and Kleinebudde, 1994). 
Nevertheless, the pellets prepared with powdered cellulose using a binder showed 
comparatively higher porosity, higher friability, lower sphericity and faster 
dissolution compared to those with MCC. Neither the MCC-based nor the powdered 
cellulose-based pellets disintegrated during dissolution testing.  
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1.2.1.3  Semisynthetic cellulose derivatives as pelletization aid 
Semisynthetic cellulose derivatives, hydroxypropyl methylcellulose and hydroxyethyl 
cellulose were evaluated as pelletization aids by Chatlapalli and Rohera (1998a). Both 
hydroxypropyl methylcellulose and hydroxyethyl cellulose are water soluble 
polymers. When water was used as the moistening liquid, they formed tacky wet 
masses and further processing was not possible. However, successful production of 
pellets was possible using IPA as the moistening liquid. The dried pellets exhibited 
low mechanical strength. The mechanical strength of pellets improved when a binder, 
hydroxypropyl cellulose (dissolved in IPA), was added in the formulation. 
Rheological characterization of hydroxyethyl cellulose, wetted with IPA, exhibited 
poor liquid spreading and poor substrate wetting, and showed a narrow window of 
tolerance for liquid (Chatlapalli and Rohera, 1998b). Although pellets could be 
prepared from both polymers using IPA as moistening liquid, hydroxypropyl 
methylcellulose-based pellets had superior quality with respect to friability, surface 
structure, and sphericity. 
1.2.1.4  Chitosan as pelletization aid 
Chitosan is a cationic polymer. It is structurally similar to cellulose except for the 
substitution of the hydroxyl group at carbon-2 with an amino or aceto group. It is 
insoluble in neutral and alkaline aqueous medium, but soluble in acidic aqueous 
medium. Using hydroxypropyl methylcellulose as binder, chitosan produced pellets 
with acceptable yield, median size, sphericity, low friability and high density 
(Agrawal et al., 2004). However, pellet properties and drug release were found to be 
dependent on the molecular weight of chitosan (Charoenthai et al., 2007a) and the 
degree of deacetylation (Jess and Steckel, 2007, Charoenthai et al., 2007b). 
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1.2.1.5  X-PVP as pelletization aid  
X-PVP is a synthetic water insoluble cross-linked homopolymer of the monomer N-
vinyl-2-pyrrolidone prepared by popcorn polymerization using a catalyst (Haaf et al., 
1984). X-PVP is commercially available from different suppliers in several grades 
differing mainly in particle size. It has attracted much attention in the pharmaceutical 
and food industries due to its favourable biocompatibility and non-toxicity. It is 
primarily used as a disintegrating agent in solid dosage forms like tablets and capsules 
(Kornblum and Stoopak, 1973, Gordon and Chowhan, 1987, Gordon et al., 1993, 
Schiermeier and Schmidt, 2002). Being a good adsorbent, it is also used in 
chromatography (Percival, 1986), in the food industry (Mitchell et al., 2005) and in 
the treatment of gastrointestinal tract infections (Ramos et al., 1996). X-PVP has also 
achieved popularity as a carrier for solid dispersions of drugs (Hirasawa et al., 2004a, 
Hirasawa et al., 2004b, Hirasawa et al., 2003a, Hirasawa et al., 2003b, Shibata et al., 
2007, Shibata et al., 2009).  
Besides the above mentioned applications, X-PVP has been introduced as a 
pelletization aid by Liew et al. (2005a). They tested three X-PVP grades, i.e. 
Polyplasdone XL (XL), Polyplasdone XL-10 (XL-10) and Polyplasdone INF-10 
(INF-10) having mean particle sizes 128, 31 and 20 µm, respectively. It was 
postulated that X-PVP behaves like a sponge. Its mesh-like structure, due to the cross-
linked arrangement, acts as an internal repository and allows it to control the 
distribution and release of water during the wet massing, extrusion and spheronization 
steps. It was found that water distribution and release properties of X-PVP were 
similar to that of MCC. However, in contrast to MCC, the pelletization efficiency of 
X-PVP was found to be dependent on the particle size of the X-PVP grades. The large 
particle size X-PVP grade, XL, could not form pellets although the remaining two 
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grades allowed for successful production of pellets in combination with lactose. It was 
believed that the large particle size of the XL grade was mainly responsible for its 
inability to perform well as a pelletization aid. The XL grade has a smaller specific 
surface area which was not able to provide effective contact and interaction with the 
other ingredients in the formulation. As a result, XL-lactose powder blend did not 
exhibit appreciable torque values in mixer torque rheometry studies.  In turn, the 
extrudates produced from a binary blend containing XL grade were not strong enough 
to withstand the generated frictional forces and tended to shatter during 
spheronization. 
Verheyen et al. (2009) investigated the application of X-PVP in the preparation of 
high drug loaded pellets. It was reported that pellets with pharmaceutical quality 
could be prepared with incorporation of up to 60 % (w/w) drug using Kollidon CLM 
(CLM), an X-PVP grade, as a pelletization aid. Due to fast disintegration, X-PVP-
based pellets showed fast dissolution of the incorporated drug. However, this study 
focused on the selection of drugs with different solubilities and their influences on the 
outcome of drug release of X-PVP CLM-based pellets. In addition, only one grade of 
X-PVP was investigated. Thus, the effects of X-PVP of different particle size grades 
and from different suppliers on the drug release profiles of X-PVP-based pellets have 
yet to be elucidated.  
1.2.1.6  Carrageenan as pelletization aid 
Carrageenans, a group of acid polysaccharides, are isolated from cell walls of red 
seaweeds. Carrageenans are sodium, potassium, magnesium, calcium and ammonium 
sulphate esters of galactose and 3,6-anhydrogalactose which are alternatively linked 
α-1,3 and β-1,4 in the polymer (Bornhöft et al., 2005). The different commercially 
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available grades are ι-, κ-, λ- carrageenans. These grades differ in molecular weight 
and in sulphate content. 
Bornhöft et al. (2005) investigated ι-, κ- and λ- carrageenan grades for their pellet 
forming capability. Among the investigated grades, κ-carrageenan was found to be 
very promising for pelletization. Although all the investigated carrageenan grades 
could be successfully extruded, only the extrudates obtained from the formulations 
containing κ-carrageenan were successfully spheronized into pellets. Pellets obtained 
from κ-carrageenan exhibited fast drug release. Moreover, increase in drying 
temperature and duration decreased mean dissolution time, tensile strength and 
disintegration time of the resultant pellets. On the other hand, delayed drug release 
was observed due to the ionic interaction between the sulphate group in carrageenan 
and calcium in dicalcium phosphate (DCP), used as a filler (Thommes et al., 2007).  
The influence of carrageenan source variations on their pelletization aid behaviour 
was also investigated. Thommes and Kleinebudde (2008) used five different κ-
carrageenans from four different suppliers, and compared the produced pellet 
properties. It was observed that all κ-carrageenans yielded good quality pellets, 
although they were different with respect to the water binding capacity and the yield 
point of the carrageenan gels. However, in comparison to MCC-based pellets, 
carrageenan-based pellets possessed lower mechanical stability and faster drug 
release.      
1.2.1.7  Amount of pelletization aid used for pelletization 
Successful production of pellets using formulations containing more than 25 % MCC, 
as pelletization aid, was reported elsewhere (Heng and Koo, 2001, Koo and Heng, 
2001, Soh et al., 2006, Sinha et al., 2005, Hileman et al., 1993, Verheyen et al., 2009). 
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Sinha et al. (2005) investigated pellet production using formulations with different 
MCC fractions that varied from 100 % to 25 %. All the formulations with different 
proportions of MCC and lactose produced good quality pellets with more or less 
similar mean diameter. Pellets prepared with larger fractions of MCC exhibited higher 
degree of sphericity, improved flow property, lower friability and slower drug release.  
Hileman et al. (1993) investigated the influence of MCC type and fraction, along with 
other formulation and process variables on the produced pellet properties. They 
reported that a typical formulation should contain more than 40 % MCC to impart the 
desired wet mass plastic properties for successful pelletization by extrusion-
spheronization. They found that highly spherical pellets with narrow size distribution 
could be prepared with formulations containing more than 40 % MCC. Good quality 
pellets could not be formed using 20 % or lesser amounts of MCC. However, special 
MCC grades (Avicel RC-591 or Avicel RC-581) which contain small amounts of 
sodium carboxymethylcellulose, could produce good quality pellets at 20 % added 
amount (Hileman et al., 1993). Similarly, formulations containing 18 % MCC and 2 
% binder such as carbomer, carboxymethyl cellulose and hydroxypropyl cellulose, 
served to improve pellet quality (Funck et al., 1991). Highly spherical pellets could 
also be produced with formulations containing only 10 % MCC upon addition of 
glyceryl monostearate in the formulation (Chatchawalsaisin et al., 2005). As the water 
requirement for pelletization is directly proportional to MCC content of the 
formulation, Fitzpatrick et al. (2006) attempted to prepare pellets loaded with a 
moisture sensitive drug by using the least possible amount of MCC. They pointed out 
that formulations containing 6.8 % MCC (Avicel PH 101) could not be extruded. 
However, formulations containing MCC amounting to 15 % and above with inclusion 
of glyceryl monostearate allowed overcoming the extrusion problem. Sinha et al. 
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(2005) attempted to prepare pellets with DCP or lactose containing 4.8 % piroxicam, 
a drug, without using pelletization aid. However, the attempts were not successful as 
the DCP containing extrudates failed to spheronized and the lactose containing 
extrudates produced some elongated, irregular shaped aggregates with large mean 
diameter and irregular surface.  
1.2.2 Fillers 
Different amounts of drug loading require a filler to be added to the formulation to 
provide the required bulk. Lactose is a commonly used filler in pharmaceutical 
pelletization.  Besides lactose, other fillers used in pellet production include DCP 
(Rodriguez et al., 2001, Sinha et al., 2005), sorbitol (Goyanes et al., 2010) and 
mannitol (Ghanam and Kleinebudde, 2011, McConnell et al., 2010, Thommes and 
Kleinebudde, 2006b). In pelletization with MCC-lactose powder blends, the particle 
size of lactose was reported to have profound influence on the extrusion-
spheronization process and resultant pellet quality (Fielden et al., 1989). Increasing 
the lactose particle size significantly altered the extrusion properties of the 
formulation with forced flow predominating and high extrusion pressures observed 
during extrusion. In another study by Fielden et al. (1992b), extrudates produced from 
a blend of MCC and fine particle size lactose (median diameter 18 μm) through both 
1.0 and 1.5 mm diameter dies formed well-rounded pellets with narrow size 
distribution. However, extrudates produced from a blend of MCC and a coarse grade 
of lactose (median diameter 117 μm) through both the 1.0 and 1.5 mm diameter dies 
produced considerably larger pellets with a wider size distribution. Moreover, the 
median diameter of pellets produced from the MCC:fine particle size lactose blend 
was dependent on the diameter of the die producing the extrudates, whereas in the 
case of the MCC-coarse grade lactose blend, the pellet median diameter was 
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independent of the diameter of the die producing the extrudates. The influence of 
lactose particle size on the size of the MCC-lactose pellets was further supported by 
another study (Wan et al., 1993). Furthermore, MCC-lactose powder blends 
containing larger lactose particles were found to have reduced water requirement for 
pelletization (Fielden et al., 1993). 
1.2.3 Amount of moistening liquid 
The moistening liquid in the formulation helps to form liquid bridges between solid 
particles and acts as lubricant and plasticizer during the extrusion and spheronization 
steps. The amount of moistening liquid in the formulation is a key parameter in pellet 
production by extrusion-spheronization (Bains et al., 1991, Kleinebudde, 1993). 
Optimum amount of moistening liquid is required for the production of good quality 
pellets with a given formulation. Anisometric pellets are produced from an 
insufficiently wetted mass while nearly spherical, but very large pellets are produced 
from an overwetted mass.  
1.2.4 Other formulation variables 
The influence of material (drug as well as filler) solubility on the physical 
characteristics of pellets prepared by extrusion-spheronization was analysed by Sousa 
et al. (2002). Pellets were prepared from five different drugs and five different fillers 
with different water solubility using MCC as a pelletization aid. The quantities of 
water required to form satisfactory pellets were significantly influenced by the 
solubility of the materials (both drugs and fillers). Formulations containing a less 
soluble material required less water. It was also reported that pellet density increased 
with increase in drug solubility. However, no direct relationship was found between 
the material solubility, and porosity and mechanical strength of pellets. 
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1.3 Process variables 
Process variables in extrusion-spheronization can usually be classified as variables in 
the extrusion and spheronization steps.  
1.3.1 Process variables in the extrusion step 
Due to the availability of various types of extruders, the design features of an extruder 
could influence the shape and physical properties of the extrudates.  
1.3.1.1 Extrusion speed 
The influence of extrusion speed on extrudate quality has been extensively studied. 
However, due to wide variation in the extruder design and in the formulations used, 
the findings were not always consistent. Lindberg et al. (1988), and Kleinebudde and 
Lindner (1993) noticed that extrusion speed significantly influenced the steady state 
flow during extrusion, passage time and mean residence time of extrudates thereby 
the pellet quality. In contrast, Hasznos et al. (1992) did not find any significant 
influence in extrusion speed on the produced pellet quality. Malinowski and Smith 
(1975) observed that the extrusion temperature increased with increase in extrusion 
speed. However, Kleinebudde and Lindner (1993) reported that extrusion speed did 
not affect the extrusion temperature. Gamlen and Eardley (1986) described that 
extrudate surface defects, e.g. shark-skinning and roughness, occurred with high 
extrusion speeds.  
1.3.1.2  Double extrusion 
In double extrusion, extrudates obtained from the first extrusion is extruded for a 
second round. Juppo et al. (1997) investigated the influence of different process 
variables including the thickness of the extrusion screen and double extrusion on the 
porosity of extrudates and pellets. It was observed that double extrusion decreased the 
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total pore volume of extrudates for all screen thicknesses.  Double extrusion also 
facilitated the formation of slightly denser pellets. However, the significant effect of 
screen thickness on pore volume was only observed with double extrusion. The 
extrusion results suggested that double extrusion may be preferable with a 
formulation which on the first extrusion produced extrudates that were too brittle and 
tended to crumble during spheronization.  
1.3.1.3  Extrusion screen size 
Screen size and die length or screen thickness were found to affect the extrudates as 
well as pellet quality (Vervaet et al., 1995). Sonanglio et al. (1995) investigated the 
influence of extrusion screen size on the produced pellet quality. In general, large 
extrusion screen size produced larger size pellets. Furthermore, a significant effect of 
extrusion screen size on pellet bulk density was observed.  
1.3.2  Process variables in the spheronization step 
The process variables during spheronization that can affect the quality of pellets are 
frictional base plate design, spheronization load, spheronization speed and 
spheronization time. Among these variables, the critical factors that affect the quality 
of pellets are spheronization time and spheronization speed.  
1.3.2.1 Spheronization speed 
Several studies have reported that the speed used during spheronization affected the 
mean diameter of the resultant pellets. Some studies showed that mean diameter of 
pellets increased with an increase in spheronization speed (Hellen and Yliruusi, 1993, 
Bianchini et al., 1992, Bataille et al., 1993). In contrast, some studies reported that 
mean diameter of pellets decreased with an increase in spheronization speed because 
of an increase in the fines due to greater degree of fragmentation at the initial stage of 
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spheronization (Agrawal et al., 2004, Hasznos et al., 1992, Wan et al., 1993). 
Spheronization speed was also found to influence the hardness (Bataille et al., 1993, 
Bataille et al., 1990, Ligarski et al., 1991, Ligarski et al., 1992, Rahman et al., 1991), 
friability (Malinowski and Smith, 1975, Ligarski et al., 1992, Rahman et al., 1991), 
bulk and tapped densities (Malinowski and Smith, 1975, Hellen et al., 1993b, 
Hileman et al., 1993), porosity (Bianchini et al., 1992, Ligarski et al., 1992, Bataille et 
al., 1993), sphericity (Woodruff and Nuessle, 1972, Bianchini et al., 1992, Ligarski et 
al., 1992, Baert et al., 1993b, Hellen and Yliruusi, 1993, Hileman et al., 1993, Wan et 
al., 1993), flow rate (Malinowski and Smith, 1975) and surface structure (Bataille et 
al., 1993) of pellets.    
Rowe (1985) stated that the spheronization speed should be optimized to achieve the 
desired densification during spheronization. The optimum spheronization speed is 
dependent on the property of the formulation. For a given formulation, densification 
of the extrudates at low spheronization speeds may not be sufficient to yield spherical 
pellets at the end of spheronization, as opposed to spheronization at high speeds 
which would promote the agglomeration of individual pellets. 
1.3.2.2  Spheronization time 
A number of studies have been conducted to investigate the importance of 
spheronization time on pellet properties. In general, longer spheronization time tended 
to increase sphericity (Baert et al., 1993b, Lovgren and Lundberg, 1989, Hellen and 
Yliruusi, 1993, Hileman et al., 1993, Wan et al., 1993), increase mean diameter (Wan 
et al., 1993, O'Connor et al., 1984), narrow particle size distribution (Bianchini et al., 
1992), change the yield of a certain size fraction (Malinowski and Smith, 1975, 
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Hasznos et al., 1992, Ku et al., 1993) and change bulk as well as tapped densities 
(Malinowski and Smith, 1975, Hellen et al., 1993b, Hileman et al., 1993) of pellets.  
1.3.2.3  Spheronization load 
Contact between pellets themselves and/or that between pellets and the frictional base 
plate are dependent on the spheronization load. Thus, the spheronization load 
influences the resultant pellet quality (Vervaet et al., 1995). Hasznos et al. (1992) 
demonstrated that mean pellet diameter increased with increasing spheronization load 
but contrasting results have also been reported (Hellen et al., 1993a). Barrau et al. 
(1993) observed that with increased spheronization load, pellet hardness increased 
and sphericity decreased although the pellet yield in the major size fraction remained 
unchanged. 
1.4  Concepts for mechanism of pellet formation 
Several concepts for the mechanism of pellet formation by extrusion-spheronization 
have been proposed. In 1985, Rowe (1985) proposed the first concept whereby, the 
overall process of spheronization was divided into various stages in terms of the shape 
of extrudates. The extrudates obtained from the extrusion process were initially 
broken up into short cylinders of more or less equal length. The short cylinders then 
formed cylinders with round edges followed by dumb bells, ellipses and finally, 
spherical pellets (Figure 2A). This first concept has recently been extended by 
Koester and Thommes (2010). They postulated that the dumb bells were transformed 
into pellets by mass transfer. It was proposed that during spheronization, the fine 
agglomerates adhered to the shaft of the dumb bells due to the lower mechanical shear 




Figure 2. Concepts for mechanism of pellet formation as proposed by (A) Rowe 
(1985), (B) Koester and Thommes (2010), (C) Baert and Remon (1993) and (D) Liew 
et al. (2007). 
 
 Another concept on pellet formation was suggested by Baert and Remon (1993). The 
short cylinders experienced rope-folding yielding rope-shaped cylinders with round 
edges which were subsequently shaped into dumb bells. These dumb bells were 
twisted resulting in the breaking of the dumb bells into two distinct parts, each with a 
central cavity inside (Figure 2C). This central cavity was closed with continuation of 
the spheronization process and finally, pellets were formed.  According to the above 
concepts, the conversion of extrudates into dumb bells was the most important step 
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for pellet formation. On the contrary, several researchers have reported that neither 
clear dumb bells (Hellen et al., 1994, Hellen et al., 1993b, Umprayn et al., 1999) nor 
cavity formation on the particle were observed (Hellen et al., 1994, Juppo et al., 1997) 
during pelletization by extrusion-spheronization. 
Another recently published report (Liew et al., 2007) which was based on remodelling 
of the moistened mass, had not also found any intermediate dumb bell shapes. 
According to the remodelling concept, at the initial phase of the spheronization 
process, the extrudates were broken up into smaller fragments with wide bimodal size 
distribution. During the next phase of the spheronization process, the relatively 
coarser fragments grew by adhering the relatively fine fragments on their surfaces 
(Figure 2D). Finally, spherical particles with narrow size distribution were produced. 
In the various studies on pellet formation concept, different amounts of MCC as 
pelletization aid were used. The amount and type of pelletization aid has a great 
influence on the properties of the extrudates, i.e. cohesive strength and plasticity. 
Hence, all the above mentioned concepts explained pellet formation with respect to a 
specific formulation or specific pelletization aid used in that particular study. 
However, a concept explaining the mechanism of pellet formation irrespective of the 
concentration and type of pelletization aid has yet to be explored. 
2  Pre-formulation studies on the materials used for pelletization 
Different formulation and process variables, and their impact on the produced pellet 
quality have been briefly summarized in the preceding sections. Taking into 
consideration the unique requirements of moistened mass and extrudate properties, it 
is essential to investigate the various powder and moistened mass properties which are 
able to provide insights into the performance of materials during extrusion-
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spheronization and finally the produced pellet quality.  In particular, the rheological 
properties of the moistened mass and the packing properties of component materials 
in the dry as well as wet states are of interest to this project. Hence, the following 
section discusses various aspects of such characterization.  
2.1  Investigation on rheological properties by mixer torque rheometry  
Mixer torque rheometry is used to study the rheological properties of moistened 
powder mass, extrudates and pellets/granules. The results obtained from mixer torque 
rheometry investigation give information regarding binder-substrate interactions 
which provide insights into the changes that occur during wet processing of the 
material (Parker et al., 1992, Rowe, 1996, Rowe and Sadeghnejad, 1987, Chatlapalli 
and Rohera, 1998b, Hancock et al., 1991, Hancock et al., 1992, Landin et al., 1995, 
Soh et al., 2006, Parker, 1990, Parker et al., 1991). Hence, it can be applied to 
understand mixing kinetics (Hancock et al., 1992, Soh et al., 2006, Chatlapalli and 
Rohera, 1998b), to optimize the range and concentration of binder liquid required by a 
given formulation to produce good quality pellets or granules (Parker, 1990, 
Delalonde et al., 1996, Rowe and Sadeghnejad, 1987), to monitor the consistency of 
processed materials (Luukkonen et al., 2001b, Chitu et al., 2011) and for scale-up 
(Landin et al., 1996).  
Rowe and Sadeghnejad (1987) characterized rheological properties of moistened 
masses containing different MCC grades from various sources and different particle 
sizes. It was found that for a MCC grade, the amount of moistening liquid needed to 




Chatlapalli and Rohera (1998b) studied the rheological behaviour of diltiazem 
hydrochloride: MCC/hydroxypropyl methyl cellulose/hydroxyethyl cellulose blends 
moistened with IPA. A blend or blends containing MCC or hydroxyethyl cellulose 
exhibited low liquid retention capacity and a poor binder-substrate interaction. A 
narrow window of tolerance for moistening liquid was observed in pelletization with 
these powder blends.  
Soh et al. (2006) investigated rheological properties of 11 MCC grades in 
combination with lactose. A strong correlation was found between their measured 
torque parameters, i.e. maximum torque and cumulative energy of mixing, and the 
pellet properties, e.g. strength, friability index, bulk and tapped densities. 
Chitu et al. (2011) used mixer torque rheometry to study the influence of binder 
viscosity on the consistency of wet mass obtained upon deformation of high shear wet 
granules under the action of the mixer blade after 8 min of mixing in the mixer torque 
rheometer. Formulations containing higher viscosity binders exhibited higher wet 
mass consistency although the resultant granules showed lower dry granule strength. 
Luukkonen et al. (2001b) measured the wet mass consistency obtained from different 
MCC grades. It was reported that the greatest differences in the measured torque 
values between the MCC grades were observed after 0.5 min of mixing. With increase 
in mixing time, the differences in torque values between the MCC grades decreased.  
2.2  Packing of materials 
The component particles undergo packing during pelletization. The importance of 
packing of component particles on pelletization is explained in a number of studies 
(Suzuki and Oshima, 1985, Ouchiyama and Tanaka, 1986, Stovall et al., 1986, Yu and 
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Standish, 1988, Standish, 1991). The methods used to measure the packing of the dry 
powder material are measurements of porosity, bulk and tapped densities.  
Porosity and bulk and tapped densities can be affected by many factors especially 
particle size, particle size distribution and particle shape. These factors can make the 
packing system very complex leading from mono- to multi-size, spherical to non-
spherical and/or from coarse to fine particle packing. Most of the studies focused on 
the packing of coarse spheres (Suzuki and Oshima, 1985, Ouchiyama and Tanaka, 
1986, Stovall et al., 1986, Yu and Standish, 1988, Standish, 1991). Attempts have also 
been taken to measure the packing of non-spherical particles (Yu et al., 1993, Yu et 
al., 1996). Gravity-dominated packing of materials as a function of particle shape, 
particle size and size distribution could be predicted (Zou et al., 2001). In practice, in 
addition to gravity, other forces, e.g. van der Waals and electrostatic forces can also 
influence the packing of particles. Efforts have been made to evaluate packing of fine 
particles considering the effects of van der Waals and electrostatic forces (Yu et al., 
1997). For fine particles with size less than a certain value, inter-particulate forces 
such as van der Waals and electrostatic forces, rather than gravity predominate and 
the ratio of gravity to inter-particulate forces is less than unity (Yu et al., 1997). Due 
to these strong inter-particulate forces, the fine particles form agglomerates and 
consequently, the particles do not behave as individual particles.  The moistened mass 
contains moistening liquid in addition to the above-mentioned factors for dry packing. 
The liquid present lubricates the surface and generates capillary forces between the 
particles resulting in the formation of chain-connected particles and altering the 
relative motion between the particles thereby changing the wet packing of the material 
(Yu et al., 1997). Attempts have also been made to estimate the packing of the 
particles in the presence of a liquid. Yu et al. (1995) measured bulk density of the 
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moistened agglomerates of coal and investigated the effect of moisture content on the 
agglomeration and bulk density of coal. However, the main focus of this study was on 
the measurement of bulk density of the wet agglomerates, not of the individual 
powder particles. Feng and Yu (1998) evaluated the effect of liquid addition on the 
packing of spherical particles using the same method used for the measurement of 
bulk and tapped densities of dry powders. It was observed that the packing of the 
particles were significantly influenced by the size of the spheres and amount of the 
added liquid. Zou et al. (2001) attempted to evaluate the packing of binary blends 
moistened with water. It was found that packing of the wet binary blends was 
influenced by the water content and particle size distribution. However, in all these 
studies, mono-sized spherical particles with particle size larger than 200 µm were 
used to avoid the effect of van der Waals and electrostatics forces. It was also reported 
that this method was only suitable for the measurement of packing with particles 
larger than 200 µm in size.  
3 Research gaps in pelletization by extrusion-spheronization 
The extrusion process has been extensively investigated, not only in the area of 
pharmaceutical technology but also in metallurgy (Chan et al., 2011), and in the food 
(Guha and Ali, 2011), fertilizer (Chiellini et al., 2004) and polymer (Sauceau et al., 
2011) industries. The different process variables in extrusion and spheronization have 
also been investigated thoroughly. In comparison, the formulation factors have been 
less studied. Studies on formulation factors have so far focused mainly on the 
rheological properties, type and function of pelletization aid. With respect to the 
formulation factors, some important research questions are still not answered. Firstly, 
two different models on the pelletization aid functionality of MCC exist. However, 
neither of these models can explain the full spectrum of currently available 
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pelletization aids, in particular the non-MCC pelletization aids. Secondly, the 
influences of physico-chemical properties of pelletization aids on their pelletization 
aid functionality are not clear. Lastly, there is a lack of knowledge about the exact 
composition requirement of a formulation for successful extrusion-spheronization.    
3.1  Influence of pelletization aid particle size on pellet properties 
It was observed that MCC grades with different particle sizes had little or no effect on 
their moistened mass properties (Rowe and Sadeghnejad, 1987, Soh et al., 2004) and 
manufactured pellet quality (Sinha et al., 2005). On the other hand, particle size of X-
PVP exhibited profound influence on the moistened mass properties and pellet quality 
(Liew et al., 2005a). Good quality pellets could not be produced with the coarse X-
PVP grade. Hence, there is ambiguity regarding the influence of pelletization aid 
particle size on the produced pellet quality. Thus far, in all the published research, 
attempts were made to correlate the dry state particle size of pelletization aid with the 
moistened mass and produced pellet quality. Extrusion-spheronization is a wet 
process and shear forces of comparatively high magnitudes are applied during the 
different wet processing steps. Hence, particle size of the pelletization aid may not 
always be the same in the different processing steps. It is, thus, of interest to 
investigate the in-process particle size of pelletization aid during the different 
processing steps and to correlate these particle sizes with the produced pellet 
properties.  
3.2  Physical properties of component materials for successful pelletization 
Extensive research has been done to define the functionality and physical properties 
of materials required to function as a pelletization aid during pelletization by 
extrusion-spheronization. To date, a number of materials with wide ranging chemical 
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and physical properties have been investigated for their use as pelletization aids. So 
far, MCC is considered as the gold standard for pelletization aid in extrusion-
spheronization with water as moistening liquid. However, MCC was not found to be 
efficient as a pelletization aid when ethyl alcohol (Millili and Schwartz, 1990) or IPA 
(Chatlapalli and Rohera, 1998a) were used as the moistening liquid. Furthermore, 
while having the similar chemical nature, other cellulose derivatives, such as 
powdered cellulose (Fechner et al., 2003), hydroxypropyl methyl cellulose and 
hydroxyethyl cellulose (Chatlapalli and Rohera, 1998a), were less efficient than 
MCC. Pelletization efficiency of these cellulose derivatives was improved by the 
incorporation of a binder in the formulation (Lindner and Kleinebudde, 1994, 
Chatlapalli and Rohera, 1998a). The commonly used carrageenan grades (ι, κ and λ) 
in the pharmaceutical industry only differ in sulphate content and in molecular 
weight. However, only the κ-carrageenan grade appeared to produce good quality 
pellets (Bornhöft et al., 2005). After many decades of the spheronization process 
under scientific scrutiny, the mechanism and the component material properties 
required for pellet formation have yet to be fully elucidated. 
3.3 Minimum amount of pelletization aid for pelletization 
It is generally believed that the presence of pelletization aid in the formulation is 
essential for successful pelletization by extrusion-spheronization. Incorporation of 
pelletization aid in the formulation usually increases the production cost of the 
formulated product. Furthermore, production of pellets with merely the drug (for high 
dose drug formulations), or the drug with inexpensive pharmaceutical filler together 
with a minimum amount of pelletization aid (for low dose drug formulations) would 
be more cost effective from the industry’s point of view. However, the minimum 
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amount of pelletization aid for successful pelletization by extrusion-spheronization 












CHAPTER II. HYPOTHESIS AND OBJECTIVES 
The main hypothesis of this project is that pelletization by extrusion-spheronization is 
possible without using a pelletization aid. Critical adjustment of process and 
formulation variables could nullify the requirement of a pelletization aid in the 
formulation and single component pellets could be produced.  
The sub-hypotheses of this project are: 
 As extrusion-spheronization is a wet pelletization technique, physical 
properties of pelletization aid in the wet state would provide greater insights 
and deeper understanding of pelletization aid functionality.  
 Packing, in terms of particle size and size distribution of the component 
particles in the formulation, is the critical factor for successful pelletization by 
extrusion-spheronization and investigations on the packing of component 
particles in the formulation would provide better understanding of the science 
of pellet formation.  
To test the aforementioned hypotheses, studies would be carried out to accomplish 
the following objectives: 
 To investigate the effect of solvent type and dispersion force, in terms of 
duration of sonication, on the particle size of MCC dispersed in different 
solvents.   
 To investigate in-process particle sizes of pelletization aids during extrusion-
spheronization, and their impact on rheological and pellet properties.  
 To investigate different process and formulation approaches to achieving a 
balance between cohesive and frictional forces for successful pelletization.  
40 
 
 To investigate if the requirement of pelletization aid could be nullified by 
critical adjustment of process and formulation variables in favour of good 
packing of the component particles and to prepare pellets with merely 
pharmaceutical fillers or drug.  
 To investigate the influence of component material type, size and size 
distribution on pellet surface roughness, disintegration and drug dissolution.  
The findings of this project would provide a guideline on the important physical 
properties of component material required for successful pelletization by investigating 
the mechanism of pellet formation, and a better understanding of the impact of the 
different wet processing steps of extrusion-spheronization on the produced pellet 
quality. Successful pelletization would be possible by adjusting the physical 
properties of materials, irrespective of their chemical nature. Hence, by adjusting the 
physical properties of the materials, pelletization may be possible with minimal 
pelletization aid or even without it. Pelletization with minimal pelletization aid or 













CHAPTER III. MATERIALS AND METHODS 
1 Materials 





 and Avicel PH 105
®
, from FMC Biopolymer, Ireland; and a total of 





 and Polyplasdone INF-10
®
 from ISP, USA, 
and Kollidon CL
®
 and Kollidon CLM
®
 from BASF, Germany, were used as 
pelletization aids. The above mentioned MCCs and X-PVPs would be referred as: 
PH101, PH102, PH105, XL, XL-10, INF-10, CL and CLM hereinafter. Various 
lactose α-monohydrate, i.e. Pharmatose 100M® (100M), Pharmatose 125M® (125M), 
Pharmatose 200M
®
 (200M), and Pharmatose 450M
®
 (450M) from DMV 
International, Netherlands; and anhydrous dicalcium phosphate (DCP) from Rhodia 
Inc., USA, were used as the filler. Two acetaminophen (ACP) grades, i.e. ACP-R and 
ACP-A from Granules India, India and Wenzhou Pharm Factory, China, respectively; 
and ibuprofen from CFS (S) Pte Ltd, Singapore, were used as model drugs. All the 
raw materials were passed through a 1 mm aperture size sieve and equilibrated at 
ambient conditions (25°C and 50 % relative humidity) for at least 72 h before use. 
Dichloroethane, ethyl alcohol, isopropyl alcohol (IPA) (passed through 0.45 µm pore 
size filter, Sartorius Stedim Biotech Gmbh, Germany); and deionized water (Milli-Q, 
Millipore Corporation, USA) were used as the dispersion medium for wet state 
particle size analyses. Distilled water was used as the moistening liquid for the study 
on rheological properties by mixer torque rheometry, hydration capacity, relative 
volume increase on swelling and for pellet preparation. Distilled water was also used 




2.1 Particle size modification of starting material 
Particle sizes of the commercial X-PVP, lactose and ACP grades were modified. The 
methods followed for particle size modification of the different types of materials are 
discussed below.  
2.1.1 Preparation of micronized lactose grades 
Micronized lactose grades were prepared from coarse lactose grade, 100M, using jet 
milling (100AFG, Hosokawa Micron Ltd, Germany). Using a feeding screw rotating 
at 3 rpm, 100M was fed into the milling chamber. The feed material was fluidized by 
the air jet nozzles. The particles entering the jet were accelerated into the focal point 
where they collided with each other resulting in comminution of the particles. Milled 
micronized lactose particles were separated using a classifier rotating at 12000, 6000 
or 5000 rpm. Finally, micronized lactose was collected in the collecting bin.  The 
micronized lactose grades obtained at 12000, 6000 and 5000 rpm classifier speeds 
were denoted as mic1, mic2 and mic3, respectively.  
2.1.2 Preparation of micronized ACP grade  
Micronized ACP grade was prepared from ACP-R using jet milling (100AFG, 
Hosokawa Micron Ltd, Germany) following the same procedure as described for the 
preparation of micronized lactose grades (Chapter III, section 2.1.1). The rotational 
speed of the classifier was 12000 rpm. Micronized ACP grade obtained was denoted 
as ACP-B.  
2.1.3 Preparation of milled X-PVP grades 
Particle size of XL grade was reduced by cryo-ball milling (Retsch, Germany). 
Powder, pre-soaked with liquid nitrogen, was placed in the ball mill chamber with 
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100 steel balls of 10 mm diameter. The mill was then run for 7 min. After milling, the 
materials were immediately transferred to an oven (Memmert, Germany) maintained 
at 105°C to avoid condensation of water. For the second stage, the above procedure 
was repeated with the milled product from the first stage. The milled products after 
the first and second stages were assigned as XLMB1 and XLMB2, respectively. 
2.1.4 Preparation of agglomerated X-PVP grades 
Size agglomeration of commercially available fine X-PVP grades, INF-10 and CLM, 
were performed using a roller compactor (Pharmapaktor L200/30P, Hosokawa Bepex, 
Germany).  The material was fed by a vertical feeding screw into the nip region of 
two counter rotating rolls and was compressed at 20 kN compaction force to produce 
flakes. The flakes were comminuted using a conical screen mill (Comill 197S, Quadro 
Engineering, Canada) fitted with a 228 µm round aperture size screen 
(2A009R00830256) and with rectangular side bar impeller. The impeller speed was 
set at 1200 rpm. The 53-228 µm size fractions obtained from the conical screen 
milling of flakes comprising INF-10 and CLM grades were assigned as INFCA and 
CLMCA, respectively.  
2.2  Characterization of pelletization aid 
2.2.1  Scanning electron microscopy on dry powder samples  
Powder samples were mounted on studs using double-sided carbon tape and sputter 
coated (JFC-1100, Jeol, Japan) with gold. Scanning electron microscopy (SEM; 
Phenom, FEI, USA) was performed on the prepared gold coated samples for 
visualization of the particles. The SEM photomicrographs of MCC and X-PVP 




       
       
       
Figure 3. SEM photomicrographs of MCC and X-PVP particles from different grades 
in dry state; (A) PH102, (B) PH101 and (C) PH105, (D) XL, (E) XL-10, (F) INF-10, 







       
       
       
Figure 3 (Continued). SEM photomicrographs of MCC and X-PVP particles from 
different grades in dry state; (A) PH102, (B) PH101 and (C) PH105, (D) XL, (E) XL-








2.2.2 Bulk and tapped densities  
The powder samples were sieved lightly using 1 mm aperture size sieve into a 
measuring cylinder, exactly cut to 50 mL. Excess powder was scraped off carefully 
with a spatula and the weight of the filled powder was recorded. The powder was 
tapped using a tapping apparatus (Stampfvolumeter, Germany) until no further change 
in volume was observed. Powder bulk (ρb) and tapped (ρt) densities were calculated 
from their initial and final volumes. Average bulk and tapped densities of different 
MCC and X-PVP grades, calculated from three repeats, are shown in Table 1.  
Table 1. Physical properties of the different MCC and X-PVP grades.  











































































































































       -- denotes measurement of particle size and span in dry state could not be carried out for CLM 
grade. 
      Values in parentheses represent standard deviations. 
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2.2.3  Specific surface area 
Specific surface areas of powders were determined using the Brunauer-Emmett-Teller 
adsorption method (SA3100, Coulter, USA) using nitrogen as the adsorbate gas. The 
powder samples were degassed for 12 h under nitrogen at 80°C to remove any pre-
adsorbed gases and vapours from the powder surface. For each grade, the experiment 
was carried out in triplicates and results were averaged. Specific surface area of 
different grades of pelletization aids are presented in Table 1.   
2.2.4  Particle size and size distribution  
Particle size and size distribution of material were determined by laser diffraction 
using dry powder and wet powder modules (LS230, Coulter Corporation, USA). The 
particle size and size distribution of the materials were characterized by median 
particle diameter (X50) and span, respectively. Span was calculated according to 
Equation (1). Average values were calculated from three repeats. 
      
       
   
                                                                                                        (1) 
where X10, X50 and X90 were diameters of particles at the 10, 50 and 90 percentiles of 
the cumulative percent undersize plot, respectively.  
The methods followed for particle size measurement in different states are 
schematically presented in Figure 4. Detailed descriptions of the particle size 






    
 
Figure 4. Schematics showing particle size measurement of pelletization aids in different conditions. 







2.2.4.1 Dry state particle size analysis  
For the determination of dry powder median particle size by laser diffraction using the 
dry powder module (LS230, Coulter Corporation, USA), powder samples, pre-sieved 
through a 1 mm aperture size sieve, were steadily delivered to achieve an obscuration 
of 4–11 %. Sampling time was fixed at 100 s. The median particle size obtained from 
particle size analysis of dry powder sample was termed as dry state particle size. Dry 
state particle size and span values of different grades of pelletization aids are shown in 
Table 1.  
2.2.4.2 Wet state particle size analysis  
Median particle sizes of dispersed MCC or X-PVP samples were determined by laser 
diffraction using the wet powder module with deionized water, ethyl alcohol, IPA and 
water-alcohol mixed solvent as the dispersion medium. The dispersed sample was 
added drop by drop until polarization intensity differential scattering reached 45-55 
%. Sampling time was fixed at 100 s. Methods employed to prepare the various 
dispersed samples for wet state particle size analyses are described below.  
2.2.4.2.1  Sonicated dispersed powder and individual or unit particle sizes 
Approximately 0.2 g powder sample was added to 50 mL deionized water, ethyl 
alcohol, IPA or water-alcohol solvent mixture and dispersed by sonication treatment 
(Sonorex, Germany) at 35 kHz frequency for different time periods. The median 
particle sizes of the sonicated powder dispersions of the pelletization aid were 
measured after predefined time periods. The median particle size obtained after 30 
min sonication treatment of the powder dispersion was termed as individual or unit 
particle size (Ek et al., 1994). 
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To study the impact of solvent addition order, the pelletization aid was either 
dispersed by 30 min sonication in IPA with subsequent addition of water to adjust to 
different IPA concentrations and again sonicated for an additional 5 min, or dispersed 
by 30 min sonication in water with subsequent addition of IPA to adjust to different 
IPA concentrations and again sonicated for an additional 5 min. Particle size of the 
dispersions were measured before and after the adjustment of IPA concentration, and 
after the additional sonication. 
2.2.4.2.2  In-process particle size  
Powder samples were moistened with deionized water corresponding to 80 % and 90 
% of the WTmax obtained in the mixer torque rheometry studies on MCC and X-PVP 
grades (Table 2), respectively. The wet mass was then extruded through a 1 mm 
aperture size sieve. The resultant extrudates were spheronized for 5 min at 471 m/min 
tip speed in a spheronizer (Model 120, Caleva Process Solutions, UK). Samples 
(approximately 0.5 g) of processed materials, i.e. wet mass, extrudates and pellets 
from the wet massing, extrusion, and spheronization steps, respectively, were added 
to 50 mL deionized water and dispersed for 60 min using a magnetic stirrer to break 
up the aggregated masses. For the corresponding MCC or X-PVP grades, powder 
dispersions were also prepared by addition of dry powder samples instead of 
processed material, following the procedure as described for the processed materials 
after the different wet processing steps. These served as controls in the assessment of 
the extent of particle size change due to processing rigours during sample dispersion. 
The median particle sizes obtained by particle sizing of the dispersed powder samples 
were termed as the MCC or X-PVP dispersed powder particle size, whereas the 
median particle sizes obtained by particle sizing of dispersions prepared with the wet 
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mass, extrudates and pellets were termed as in-process particle sizes of MCC or X-
PVP from wet massing, extrusion, and spheronization, respectively.    
2.2.5  Photography of sonicated powder dispersions  
Sonicated powder dispersions were prepared following the same procedure as 
described for determining individual or unit particle size (Chapter III, section 
2.2.4.2.1). A drop of the sonicated powder dispersion sample was placed on a glass 
slide and shaken gently to spread the dispersion uniformly. Photographs were taken 
using a digital camera (DSP 3CCD, Sony, Japan) mounted on a light microscope 
(BX61, Olympus, Japan).      
2.2.6  Characterization of moistened masses containing pelletization aid 
Moistened mass containing pelletization aid was characterized for their rheology, 
hydration capacity and relative volume increase on swelling.  For each MCC/XPVP 
grade, all the determinations were carried out in triplicate and results were averaged. 
The investigated moistened mass properties are summarised in Table 2. 
2.2.6.1 Rheological properties  
Rheological profiles of the different MCC and X-PVP grades were determined at 
different water levels using a mixer torque rheometer (Caleva Process Solutions, UK). 
Prior to each measurement of the moistened powder mass, the mixer torque rheometer 
with an empty bowl was activated and the baseline obtained to eliminate any effect of 
discrepancies in the bowl assembly. Dry powder sample (15 g) was then introduced 
into the mixer bowl and mixed for 30 s. Torque generated by the dry powder was 
recorded for another 20 s. Water, corresponding to an increment of  15 % v/w, was 
added to the powder in the mixer bowl with continuous mixing. After each mixing 
phase, the torque value was recorded for another 20 s prior to the next liquid addition, 
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and mean torque values were calculated. The mean torque describes the mean 
resistance of the mass to mixing. The mean torque values generated for a total of 
nineteen water additions were plotted against the amount of water added. From the 
plotted curve, maximum mean torque value (Tmax) and the amount of water 
corresponding to Tmax (WTmax) were determined. 
Table 2. Moistened mass properties of MCC and X-PVP grades.  
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   -- denotes measurement of relative volume increase on swelling could not be carried out for CLM 
and CLMCA grades.  










2.2.6.2  Hydration capacity 
Hydration capacity is a parameter to evaluate affinity of the material to hold water; 
the higher the hydration capacity, the higher the affinity of the material for water. An 
accurately weighed 0.5 g sample of dry powder was placed in a centrifuge tube, 
suspended with distilled water and shaken vigorously until the powder was 
suspended. It was re-suspended after 10 min and then centrifuged (Sartorius AG, 
Germany) for 15 min at 3000 rpm. After centrifugation, the supernatant was decanted 
and the weight of sediment was noted. Hydration capacity was calculated as the 
quotient of the weight of sediment after centrifugation and the initial weight of the dry 
powder, expressed as percentage (w/w).   
2.2.6.3  Relative volume increase on swelling  
An accurately weighed amount (0.5 g) of dry powder was placed in a 10 mL 
graduated measuring cylinder with 10 mL of distilled water. It was suspended by 
vigorous shaking and allowed to settle down until the volume was constant. The 
swelling volume was noted. The relative volume increase on swelling was calculated 
based on the poured bulk volume and express as percentage (v/v).  
2.3 Characterization of different fillers, ACPs, and powder blends  
Different lactose grades and a DCP grade were used as fillers. The fillers and ACP 
grades were characterized for their bulk and tapped densities, particle size, size 
distribution and specific surface area. The investigated physical properties of different 
fillers and ACP grades are presented in Table 3. The different powder blends 
investigated in this study were pelletization aid (MCC/X-PVP):lactose (1:3) binary 
mixtures, mixtures of different lactose grades and mixtures of different ACP grades. 
In the preparation of each powder blend, different grades of powders with different 
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particle size ranges were mixed by geometric dilution prior to blending in a double 
cone blender at 40 rpm for 20 min (Erweka, Germany). The powder blend containing 
pelletization aid:lactose (1:3) were coded by the pelletization aid grade-lactose grade. 
Hence, PH101-200M refers to a powder blend containing PH101:200M in 1:3 ratio. 
The powder blends were characterized for their bulk and tapped densities, particle 
size, size distribution and rheological properties. 


















































































































Values in parentheses represent standard deviations. 
2.3.1 Particle size and size distribution 
Particle size and particle size distributions of the different powder grades and powder 
blends were determined by laser diffraction (LS230, Coulter Corporation, USA). 
Particle size distribution of the DCP grade and MCC-lactose powder blends were 
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determined using the dry powder module as described for dry state particle size 
measurement of pelletization aid (Chapter III, section 2.2.4.1).  
Particle size and size distribution of different lactose and ACP grades, X-PVP-lactose 
powder blends, and single component lactose and ACP powder blends were 
determined using the wet powder module. IPA was used as the dispersion medium for 
lactose grades and X-PVP-lactose powder blends whereas dichloroethane was used as 
the dispersion medium for ACP grades and ACP powder blends. Approximately 0.2 g 
of the samples from powders/powder blends were dispersed in the dispersion medium. 
The dispersed sample was then added drop by drop until polarization intensity 
differential scattering reached 45-55 %.  
For both dry and wet powder modules, the median particle diameter obtained from the 
cumulative percent undersize plot was denoted as X50. Span value was calculated 
using Equation (1).    
2.3.2 Bulk and tapped densities  
Bulk and tapped densities of the powders/powder blends were measured using the 
same method as described in bulk and tapped densities for pelletization aid (Chapter 
III, section 2.2.2).  
2.3.3 Specific surface area 
Specific surface areas of different fillers and ACP grades were determined using the 
Brunauer-Emmett-Teller adsorption method (SA3100, Coulter Corporation, USA) at 
60°C degassing temperature.  The methodology followed is described in detail in 




2.3.4 Rheological properties  
Depending on the bulk density of the powder grades and powder blends, sufficient 
amount to cover the mixer blades, i.e. 24 g, 30 g, 36 g, and 40 g for powder blend 
containing pelletization aid-lactose, ACP, 100 % lactose and DCP, respectively, were 
used to study their rheological properties with a predetermined increment of water as 
moistening liquid following the same procedure as that described for determining the 
rheological properties of pelletization aid (Chapter III, section 2.2.6.1).  
2.4 Preparation of pellets  
Pellets were prepared from pelletization aid-lactose powder blends and single 
component lactose, DCP and ACP powder blends. Ibuprofen loaded pellets, indicated 
as IB in formulation code, were prepared from powder blends containing pelletization 
aid-lactose or lactose with replacement of 5 % lactose by 5 % ibuprofen. In general, 
powder blend (800 g for powder blend containing pelletization aid and 1000 g for 
powder blend without pelletization aid) was transferred to a planetary mixer 
(Kenwood Major, UK) and moistened over 5 min with distilled water amounting to 80 
% (MCC-based formulations), 90 % (X-PVP-based formulations) or 70-80 % 
(formulations without pelletization aid) of the WTmax obtained from mixer torque 
rheometry studies of the corresponding powder blend. The resultant wet mass was 
extruded through a radial screw extruder (E140, Niro, UK) fitted with a screen of 1 
mm aperture diameter and thickness. The screw speed during extrusion was 85 rpm. 
For formulations indicated as DE in the formulation description, the extrudates 
collected immediately after extrusion were extruded through the radial screw extruder 
for a second time. Extrudates (750 g) were transferred to the spheronizer (S320, Niro, 
UK) fitted with a cross-hatched 30 cm diameter frictional base plate, and spheronized 
at the specified tip speed for 5 min. The amount of moistened material adhering on the 
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spheronizer wall and frictional base plate after spheronization was denoted as material 
adhesion and expressed as a percentage of its weight to the total weight of extrudates 
used for spheronization. Pellets from formulations indicated as R, were dried using a 
fluid bed dryer (STREA-1, Niro, UK) at inlet temperature 80°C and air flow rate 80 
m
3
/h until the product temperature reached to 40°C, and used for surface roughness 
analysis.  Unless otherwise mentioned, the resultant pellets were oven dried at 60°C 
for at least 12 h. At least two repeat batches were carried out for each pellet 
formulation.  
Formulations containing pelletization aids were coded by the powder blend and tip 
speed used. Hence, MCC-200M-471 refers to a MCC-200M powder blend and 
spheronization at 471 m/min tip speed. Formulations without pelletization aid were 
also coded by the powder blend and tip speed used. Hence, Lac-1-259 indicates a Lac-
1 blend and spheronization at 259 m/min tip speed.  
2.5 Characterization of extrudate cohesive strength 
The bowl of the mixer torque rheometer (Caleva Process Solutions Limited, UK) was 
run empty to set the baseline. An amount of freshly extruded extrudates/double-
extruded extrudates, corresponding to the dry weight of the powder blend used in the 
rheological study, was added into the mixer bowl and the generated torque measured 
for characterizing the cohesive strength of the extrudates.  
2.6 Characterization of pellets 
2.6.1 Size and size distribution 
Dried pellets were equilibrated overnight at 50 % relative humidity and 25°C. 
Equilibrated pellets were sieved through a nest of sieves with aperture sizes chosen in 
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a √2 progression from 250 to 2800 μm on a sieve shaker (VS 1000, Retsch, Germany) 
at 1 mm amplitude for 10 min.  
The fraction of pellets collected on each sieve was weighed. Pellets trapped in the 
1000 µm aperture size sieve were gently extricated from the sieve with a soft brush, 
for later use in crushing strength measurement and/or disintegration time 
determination. The fraction of pellets greater than 2800 µm and between 710-1400 
µm were defined as the oversize fraction and pellet yield, respectively, with both 
expressed as a quotient, in percentage, of their respective weight and the total dry 
weight of extrudates used for spheronization. The cumulative percentage weight 
undersize graph was plotted. Pellet mass median diameter (D50) was determined from 
the percentage weight undersize plot. Span value of pellets (SPpel) was calculated 
according to Equation (2). SPpel reflects the degree of homogeneity in pellet size 
distribution. A smaller SPpel value indicates a narrower and tighter size distribution. 
Good quality pellets should have a high yield at the targeted D50 and a narrow size 
distribution.  
       
       
   
                                                                                                        (2) 
where D10, D50 and D90 were diameters of pellets at the 10, 50 and 90 percentiles of 
the cumulative percent undersize plot, respectively.  
2.6.2 Morphology  
Shape analysis of dried pellets was carried out using an image analyzer. The images 
of two hundred pellets, randomly selected from the 710-1400 µm size fraction of each 
batch, were captured with a digital camera (DSP 3CCD, Sony, Japan) linked to a 
stereomicroscope (SZH, Olympus, Japan). The captured images were analysed using 
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imaging software (Image-Pro, Version 6.3, Media Cybernetics, USA). Two shape 
determinant parameters, aspect ratio and roundness, were calculated according to 
Equation (3) and Equation (4), respectively. Roundness values emphasize the 
spherical shape of pellets while pellet elongation is described by the aspect ratio 
(Bouwman et al., 2004). For a perfect sphere, these two shape descriptors would bear 
values of unity. 
             
 
 
                                                                                                      (3) 
          
  
   
                                                                                                    (4) 
where b, l, A, and P are the breadth, length, area, and perimeter of the two-
dimensional particle outline, respectively.   
Photographs of pellets were taken at 2.5 times magnification under a 
stereomicroscope (SZ61, Olympus, Japan). 
2.6.3 Micromeritic properties 
Mercury intrusion porosimetry (AutoPore IV 9500, Micromeritics, USA) was used to 
determine the micromeritic properties of pellets at a pressure range of 2-60000 psia. 
Mercury contact angle ( ), surface tension ( ) and density were taken as 130°, 485 
dynes/cm and 13.53 g/mL, respectively. Approximately 75 % of the penetrometer 
volume was filled with pellets from the 850-1000 µm size fraction. The low pressure 
experiment was performed at a pressure range of 2-30 psia followed by the high 
pressure experiment at a pressure range of 30-60000 psia. The pore diameter (D) at 
each experimental pressure (Pr) point was calculated according to the Washburn 
Equation (5).  
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                                                                                                 (5) 
The cumulative intruded mercury volume after the high pressure experiment included 
both intra- and inter-particulate void volumes.  Median pore diameter (Dm) was 
defined as the pore diameter corresponding to 50 % of the maximum cumulative 
intruded volume of mercury. Porosity of the pellet sample was calculated using 
Equation (6).  
             
  
  
                                                                                         (6) 
where bulk density of the pellet sample, ρe, was Wsample/(Vpenetrometer − VHg); apparent 
density of the pellet sample, ρa, was Wsample/((Vpenetrometer − VHg) – Vintrusion); Wsample 
was the weight of the pellet sample; Vpenetrometer was the volume of the empty 
penetrometer ; VHg was the volume of mercury filled into the penetrometer at 50 µm 
Hg vacuum and Vintrusion was total specific intruded mercury volume in the entire 
pressure range of 2-60000 psia. 
Log differential specific intrusion volume at each experimental pressure point was 
calculated using Equation (7). Pore volume-size distribution was obtained from log 
differential specific intrusion volume against pore size plot. 
                                           
    
             
                                  (7) 
where Iii and Di were incremental specific intrusion volume and pore diameter for the 
i
th





2.6.4 Crushing strength  
The mechanical properties of pellets were investigated using a compression tester 
(EZ-Tester-100N, Shimadzu Corporation, Japan) with a mobile upper compression 
platen fitted with a 100 N load cell. The lower compression platen was fixed to a jig 
mounting plate. At least twenty-five 1000 µm diameter pellets from each pellet batch 
were strained at a loading rate of 1 mm/min until pellet crushing occurred. The force 
required to crush a pellet was termed as crushing force (F). Pellet crushing strength 
was calculated using Equation (8).  
                  
  
   
                                                                                        (8) 
where d is pellet diameter. 
2.6.5 Surface roughness 
Pellets, dried using a fluid bed dryer, were used for surface roughness analysis. 
Quantitative as well as qualitative analyses of surface roughness were carried out with 
pellets from the 710-1000 µm size fraction.  
2.6.5.1 Quantitative surface roughness 
One hundred pellets from each pellet batch were randomly selected and analyzed 
using the optical profiler (Wyko NT1100, Veeco, USA). Surface roughness of pellets 
was analyzed under a field of view of 2X and a 20X objective lens, providing a scan 
size of 109.7 µm   144.1 µm. Images obtained were analyzed using the software 
(Vision 3.0, Veeco, USA) and the three-dimensional arithmetic mean roughness (Ra) 
and root mean square roughness (Rq) values were digitally approximated as shown in 
Equation (9) and Equation (10), respectively. 
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Ra is defined as the arithmetic mean of the absolute values of surface departures from 
the mean plane. It is a useful indication of the overall variation in the pellet surface 
without being adversely affected by small numbers of sharp peaks or valleys. Rq is 
obtained by squaring each height value in the dataset, then taking the square root of 
the mean. An increase in either Ra or Rq values could be interpreted as an increase in 
the roughness of the pellet surface being analyzed. 
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                                                                               (10) 
where M and N referred to the number of data points in the x and y directions 
respectively. Z referred to the height of the surface relative to the reference mean 
plane. 
2.6.5.2 Qualitative surface roughness 
Pellets were attached to a stud using carbon tape before being gold coated using fine 
coat ion sputter (JFC-1100, Jeol, Japan). Photomicrographs of the pellets were taken 
using a scanning electron microscopy (SEM, JSM-5200, Jeol, Japan).  
2.6.6 Disintegration 
The USP tablet disintegration test apparatus (Sotax DT2, Sotax AG, Switzerland) was 
modified and used to study pellet disintegration (Figure 5). The bottom mesh of the 
standard basket-rack of the disintegration apparatus was changed to a 600 µm 
aperture mesh.  A circular 600 µm aperture mesh of 24 mm diameter was attached to 
each glass tube at the same diameter-to-height ratio and secured with two rubber O-
rings. Twenty 1000 µm in size pellets were placed on the bottom sieve of the basket 
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rack, and then an assembled glass tube was inserted so that the pellets were contained 
in the space between the bottom sieve and the circular sieve. After the basket-rack 
was filled, the disintegration test was performed in distilled water equilibrated to 37 ± 
0.5°C at 30 dip/min. Pellets disintegration was considered to be completed when all 
the pellets passed through both meshes. The average of at least 9 disintegration time 
determinations for each formulation was used for analysis. 
 
 
Figure 5. Modified USP disintegration test apparatus for pellet disintegration test. 
 
2.6.7 Drug dissolution  
The drug dissolution studies were carried out using USP dissolution apparatus II 
(2100C, Distek, USA), equipped with paddles operated at 100 rpm. A total of 0.25 g 
ibuprofen loaded pellets from the 710-1000 µm fraction was placed in each 
dissolution vessel containing 900 mL of distilled water maintained at 37 ± 0.5°C. A 
sample of 5 mL was withdrawn from each dissolution vessel at predefined time 
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Scanning Spectrophotometer, Shimadzu, Japan) at the maximum wavelength (λmax) of 
221 nm. The sample amount used for analysis was replaced by fresh distilled water.  
The times required to release 50 % and 90 % of the drug were determined from the 
cumulative percentage drug released against dissolution time plotted curve, and were 
denoted as T50 and T90, respectively.  The mean dissolution time (MDT) from the 
pragmatic plane geometry was analyzed according to the method described by 
Podczeck (1993) using Equation (11).  
MDT = 
   
α   
                                                                                                             (11) 
where ABC is the area between the drug dissolution curve and its asymptote and αmax 
is the maximum amount of drug dissolved.  
MDT is used to characterize each dissolution profile by a single value since it is 
capable of differentiating between curves independently of their order kinetics. 
Higher values for T50, T90 and MDT indicate a higher drug retaining ability in the 
pellets. 
2.7 Statistical Analysis 
Statistical analysis was performed using Graph Pad Instat (Version 3, GraphPad 










RESULTS AND DISCUSSION 
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CHAPTER IV. RESULTS AND DISCUSSION 
1 Effect of solvent type and sonication time on the extent of MCC particle de-
aggregation 
Pellets could not be produced from MCC particles by extrusion-spheronization when 
ethyl alcohol (Millili and Schwartz, 1990) or IPA (Chatlapalli and Rohera, 1998a) 
was used as the moistening liquid. However, successful pellet production was 
possible with alcohol-water solvent mixtures as the moistening liquid (Millili and 
Schwartz, 1990, Schroder and Kleinebudde, 1995). In addition, when water was used 
as the moistening liquid, different formulations containing  MCC grades with 
different particle sizes showed similar moistened mass properties (Soh et al., 2004) 
and produced pellets with similar quality (Sinha et al., 2005). It has been reported that 
MCC particles de-aggregated into smaller particles during wet blending (Brittain et 
al., 1993) and sonication treatment of their suspensions in water (Ek et al., 1994). The 
moistening liquid selectivity of MCC for the production of pellets inferred that the 
different type of solvents used as moistening liquid could influence the extent of 
MCC particle de-aggregation. Hence, it was of interest to investigate the influence of 
solvent on the MCC particle size. Three solvents, i.e. water, ethyl alcohol and IPA, 
with different polarities (polarity-polarizability parameters 1.09, 0.54 and 0.48 
respectively, (Rauf et al., 2009)) were chosen. In addition, water and IPA were mixed 
in different proportions to obtain solvent mixtures with different polarities. MCC 
particles were dispersed in the different solvents/solvent mixtures by sonication 
treatment. The influences of solvent type, solvent addition order in the case of solvent 





1.1 Influence of sonication time  
Figure 6 shows the influence of sonication time on the particle size of MCC powder 
(PH102) dispersed in different solvents. Prior to sonication, the particle size of MCC 
dispersed in water was observed to be smaller than that of the MCC dispersion in 
ethyl alcohol or IPA. Nevertheless, upon sonication, the particle size of MCC 
dispersed in the different solvents decreased steeply initially. With further sonication, 
MCC particle size continued to decrease further albeit more gradually before 
plateauing as shown in the particle size against sonication time plots (Figure 6). The 
sonication time needed to reach the plateau state was observed to be dependent on the 
type of solvent used, with the powder dispersion in water requiring the shortest time. 
The rank order of solvents based on the particle size of PH102 at the plateau state was 
water < ethyl alcohol < IPA. 
 
Figure 6. Influence of sonication time on the particle size of PH102 dispersed in 
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The various MCC grades with different dry state particle sizes are actually aggregates 
constituting different numbers of smaller subunits that are held together by hydrogen 
bonds (Ek et al., 1994).
 
These hydrogen bonds are susceptible to break up by 
sonication treatment in the presence of a polar solvent, causing the MCC particles to 
de-aggregate. As shown in this study, the extent of de-aggregation was observed to be 
dependent on the sonication time and the solvent type. 
1.2 Influence of different solvents  
Particle sizes as well as span values and photographs of individual or unit particles of 
the investigated MCC grades, obtained after 30 min sonication treatment in different 
solvents are presented in Table 4 and Figure 7, respectively.  
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Figure 7. Photographs of individual or unit particles of MCC powder dispersed in 
different solvents; (A) PH102 in water, (B) PH101 in water, (C) PH105 in water, (D) 
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1.3 Influence of solvent addition order  
The individual or unit particle size of PH102 after 30 min sonication in IPA was 57.4 
µm (Table 4). However, when different amounts of water was added to sonicated 
dispersions of PH102 in IPA, the individual or unit particle size of PH102 gradually 
decreased with a decrease in the concentration of IPA in the dispersion (Figure 8A). 
Moreover, an additional 5 min sonication of the sample dispersions after the addition 
of water promoted further reduction in particle size (Figure 8B), and the resultant 
particle sizes were comparable to those obtained from the PH102 powder dispersions, 
prepared by directly dispersing PH102 in a solvent mixture with the corresponding 
IPA concentration (Figure 8C).  
However, no significant effect of IPA concentration on individual or unit particle size 
was observed when PH102 powder dispersions in water were first sonicated for 30 
min and then different amounts of IPA added to achieve different IPA concentrations 
(Figure 8D). The resultant individual or unit particle sizes were between 18-19 µm 
irrespective of the IPA concentration in the final dispersions. Further change in 
particle size was not detected following an additional 5 min sonication of the final 
dispersions. These observations suggested that the extent of particle size reduction of 
MCC in the solvent mixture is not exclusively controlled by the proportion of the 
component solvents in the solvent mixture. The order of solvent addition also plays an 




       
 
      
Figure 8. Particle size of PH102 dispersion in IPA-water solvent mixtures; powder 
sample dispersed by 30 min sonication in (A) IPA followed by addition of water to 
adjust IPA concentration, (B) IPA followed by addition of water to adjust IPA 
concentration and additional 5 min sonication, (C) IPA-water solvent mixture and (D) 
water followed by addition of IPA to adjust IPA concentration. Error bars represent 














































































Water is a more polar solvent than IPA. Polarity of the IPA-water solvent mixture 
gradually increases with an increase in the proportion of the more polar solvent, 
water. Having higher polarity, solvent mixtures containing higher fractions of water 
were able to induce de-aggregation of MCC particles to a greater extent than a solvent 
mixture containing a lower fraction of water. When MCC particles were dispersed by 
sonication in IPA, the extent of MCC particle de-aggregation was lower because of 
the lower polarity of IPA. Addition of water to the sonicated MCC powder dispersion 
in IPA increased the polarity of the dispersion medium and MCC particles again 
started to de-aggregate. However, the force applied by the magnetic stirrer employed 
during the addition of water to the powder dispersion was not sufficient to achieve 
complete de-aggregation according to the final polarity of the dispersion medium. 
Hence, further de-aggregation was observed after another round of sonication. On the 
other hand, when MCC particles were dispersed in water, the extent of MCC particle 
de-aggregation was greater because of the higher polarity of water. As the MCC 
particles were already de-aggregated to smaller sizes, addition of IPA to the sonicated 
MCC powder dispersions in water did not exert significant influence on MCC particle 











2 In-process particle sizes of pelletization aid during extrusion-
spheronization and their impact on rheological and pellet properties  
In spite of extensive published research information, the influence of pelletization aid 
particle size on pellet properties is not yet well understood. It was observed in the 
previous study that the MCC particles de-aggregate into smaller subunits in the 
presence of a solvent and force applied by sonication treatment. Extrusion-
spheronization is a multi-step wet granulation process and shear forces are applied on 
the formulation during the different wet processing steps. Application of force in the 
presence of a moistening liquid, most commonly water, may alter the particle size of 
the pelletization aid. Hence, particle size of pelletization aid during wet processing 
would provide insights into its functionality and better understanding of its role in the 
process of pellet formation. Furthermore, it would be more realistic to correlate 
between particle sizes of pelletization aid from the different processing steps of 
extrusion-spheronization (in-process particle sizes) and resultant pellet properties. 
This study was directed at investigating the influence of the different wet processing 
steps in extrusion-spheronization on the particle size of different grades of two 
pelletization aids, i.e. MCC and X-PVP, and sought to establish a relationship 
between their in-process particle sizes and their rheological properties as well as 
resultant pellet properties. To study the influence of in-process particle size of 
pelletization aid, three commercial MCC grades, i.e. PH102, PH101 and PH105, and 
three commercial X-PVP grades, i.e. XL, INF-10 and CLM, were investigated. In 
addition to the commercial X-PVP grades, agglomerated X-PVP particles, i.e. INFCA 
and CLMCA, which were prepared from the commercially available fine particle size 
X-PVP grades, i.e. INF-10 and CLM grades, respectively, were investigated to 
simulate the aggregate structure of MCC particles.  
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2.1 In-process particle sizes of different MCC and X-PVP grades  
In-process particle sizes of the investigated MCC grades are presented in Table 5. The 
in-process particle sizes of each MCC grade from the different wet processing steps 
were comparable to the individual or unit particle size, obtained after 30 min 
sonication of the corresponding MCC powder dispersion in water. However, a slight 
decrease in particle size was observed when moving from the wet massing step to the 
spheronization step. In-process particle size of MCC from the spheronization step was 
found to be the smallest. Moreover, the dispersed powder particle size of the 
corresponding MCC grade was larger than their various in-process particle sizes, but 
was still smaller than the dry state particle size. 
Table 5. Dispersed powder and in-process particle sizes of MCC grades.  
MCC grade Dispersed powder 
particle size 
(µm) 































Values in parentheses represent standard deviations. 
 
As mentioned earlier, the various MCC grades with different dry powder particle 
sizes are actually aggregates of smaller subunits with more or less similar size that are 
held together by hydrogen bonds. These hydrogen bonds are susceptible to break up 
in the presence of water. The complete de-aggregation of MCC requires application of 
a certain amount of force. The particle sizes obtained from the powder dispersions 
were in between the dry state particle size and individual or unit particle size of the 
MCC grade studied, indicating incomplete de-aggregation to discrete individual 
particles. The shear forces from stirring with a magnetic bar were not sufficient for 
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complete de-aggregation of the MCC to discrete individual particles. The process of 
pellet production by extrusion-spheronization involves application of shear forces on 
the material in the different wet processing steps. Forces applied during wet massing 
were sufficient for almost complete de-aggregation as further remarkable reduction in 
particle size was not observed in the following steps, i.e. extrusion and 
spheronization. Hence, although MCC grades differed in their dry state particle sizes, 
their particle sizes during wet processing were more or less similar. 
Individual or unit particle size of the sonicated powder dispersion in water and in-
process particle size of the various X-PVP grades are presented in Table 6. Figure 9 
shows the photographs of X-PVP individual or unit particles obtained after 30 min 
sonication treatment of the powder dispersions in water.  







































































Values in parentheses represent standard deviations. 
 
For the commercial X-PVP grades, the individual or unit and in-process particle sizes 
were not remarkably different from their respective particle sizes in the dry state. For 
the agglomerated X-PVP grades, INFCA and CLMCA, their dry state particle sizes 
were comparable to the dry state particle size of the XL grade. However, their 
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individual, dispersed powder and in-process particle sizes were similar to the 
corresponding in-process particle sizes of INF-10 and CLM, respectively. 
Nevertheless, in-process particle sizes of each X-PVP grade were not significantly 
different (ANOVA, p > 0.05). 
INFCA and CLMCA particles were agglomerates of small discrete particles which 
were held together by weak physical bonds due to some inter-particulate forces, such 
as van der Waals forces and so forth. As these physical bonds were weak, the particles 
de-aggregated upon the application of shear forces in the presence of water. These 
two agglomerated X-PVP grades were thus similar to the MCC with respect to their 
aggregate structure and in-process de-aggregation behaviour. In contrast, the 
commercially available X-PVP particles were not composed of loosely held 
agglomerates of smaller sub-units. Hence, the forces applied during extrusion-
spheronization were insufficient to break them into smaller fragments.  The slight 
decrease in in-process particle sizes of the XL grade could be due to surface erosion 
of particles or densification during wet processing. Size reduction was not pronounced 
for the INF-10 and CLM grades perhaps due to their relatively smaller size which 





       
 
      
 
 
Figure 9. Photographs of individual or unit X-PVP particles, obtained after 30 min 
sonication of the powder dispersions in water; (A) XL, (B) INF-10, (C) CLM, (D) 














2.2 Rheological properties of MCC/X-PVP-200M powder blends  
For the powder blends containing MCC or X-PVP, the changes in measured torque 
values over a range of water additions are presented in Figure 10 and Figure 11, 
respectively, whereas the Tmax and WTmax values are shown in Table 7. All the 
investigated MCC grades exhibited similar rheological profiles over the range of 
water addition. The different grades of MCC present in the powder blends did not 
appear to have an effect on the magnitude of the Tmax and WTmax values (ANOVA, p > 
0.05) although the powder blend containing PH105 showed a slightly higher WTmax 
value. In contrast, powder blends containing the different commercially available X-
PVP grades exhibited different rheological profiles and Tmax values. However, the 
rheological profiles of powder blends containing the agglomerated X-PVP grades, i.e. 
INFCA and CLMCA, were similar to those produced by powder blends containing 
INF-10 and CLM grades, respectively.  
 
Figure 10. Rheological profiles of MCC-200M powder blends; ♦ PH102-200M, ■ 


























Figure 11. Rheological profiles of X-PVP-200M powder blends; ◊ XL-200M, ∆ INF-
10-200M, ○ CLM-200M, × INFCA-200M, and + CLMCA-200M.  
 
Table 7. Rheological properties of MCC/X-PVP-200M powder blends. 

























































Added water (%, v/w) 
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No significant differences in Tmax and WTmax values were observed for the powder 
blends containing INF-10 and INFCA grades or powder blends containing CLM and 
CLMCA grades (Tukey multiple comparison test, p > 0.05). The magnitude of the 
generated torque values for powder blends containing INF-10 and INFCA grades 
were not as high as that obtained with the powder blend containing PH105, an MCC 
grade with similar in-process particle sizes. 
2.3 Pelletization with MCC/X-PVP-200M powder blends 
2.3.1 Optimization of amounts of water for pellet preparation with different 
formulations  
The rheological properties of moistened mass can be monitored by using the mixer 
torque rheometer. Several investigators (Landin et al., 1995, Parker et al., 1990, 
Hancock et al., 1991, Hancock et al., 1992, Rowe, 1996) have employed the results 
obtained from torque measurements to relate the changes that occur during wet 
processing and to study binder-substrate interactions. It was proposed that these 
changes are consistent with the different states of liquid saturation (Rowe and 
Sadeghnejad, 1987), namely pendular, funicular, capillary and droplet (Figure 12) as 
defined by Newitt and Conway-Jones (1958). The amount of liquid required to 
achieve a state of liquid saturation is a function of the physical properties of the solid 
materials, such as porosity, surface area, particle size, size distribution, bulk and 
tapped densities (Chatlapalli and Rohera, 1998b). Different materials and even 
different grades of the same material require different amounts of liquid to reach a 
similar state of liquid saturation. The sponge model, the most widely accepted model 
to describe pelletization aid functionality of MCC, is based on the various states of 




Figure 12. Schematics depicting rheological profile of a moistened mass and the 
different states of liquid saturation; (A) Pendular, (B) Funicular, (C) Capillary and (D) 
Droplet. 
 
Hence, to compare pelletization behaviour and resultant pellet properties of different 
formulations, it is logical to prepare pellets using different amounts of moistening 
liquid to achieve a similar state of liquid saturation. The different states of liquid 
saturation can be predicted from the rheological profiles of the moistened mass and 
the peak torque region in the rheological profile corresponds to the capillary state of 
liquid saturation. Therefore, the WTmax represents the amount of liquid required to 
achieve the capillary state of liquid saturation.  It was reported that the amount of 
moistening liquid corresponding to the WTmax in mixer torque rheometry studies was 
related to that found for optimum production of pellets in extrusion-spheronization 
(Rowe and Sadeghnejad, 1987).  Hence, the amounts of moistening liquid, i.e. water, 
used for pellet production were calculated on the basis of the WTmax obtained from 





















It was observed that for all the formulations investigated in this study, the quantities 
of water amounting to WTmax obtained from the mixer torque rheometry investigations 
were in excess of that considered optimum for pellet production by extrusion-
spheronization and uncontrolled ball growth was exhibited during spheronization, 
reflecting excessive moisture beyond the capillary state of liquid saturation. The 
energy input during wet massing, extrusion and spheronization steps was higher than 
those encountered in the mixer torque rheometry investigations. As depicted in Figure 
13, the higher energy input during extrusion-spheronization densified the moistened 
mass to a higher extent and led to the achievement of the capillary state of liquid 
saturation with lesser amount of moistening liquid than that required in the mixer 
torque rheometry investigations. In addition, the degree of densification and in turn 
the reduction in the amount water required to achieve capillary state of liquid 
saturation is dependent on the physical properties of component materials. Hence, the 
amounts of water added for different formulations containing different materials were 
decided on the basis of preliminary trial batches. The best quality pellets were 
consistently produced with water additions amounting to 80 % (for MCC-based 
formulations) or 90 % (for X-PVP-based formulations) of the WTmax of the 
corresponding formulation.  
This observation concurred with an observation made in a granulation study using a 
high shear mixer (Johansen et al., 1999) where it was reported that high shear 
granulation required lower amounts of moistening liquid than that estimated with the 
mixer torque rheometer. Requirement of a lower percentage of water (on the basis of 
the WTmax) for formulations containing MCC compared to those containing X-PVP 
may be due to the higher densification potency of MCC with the force applied during 





Figure 13. Schematics depicting changes in state of liquid saturation with liquid 
addition and mixing energy input. 
 
2.3.2 Properties of pellets prepared from MCC/X-PVP-200M powder blends 
The resultant pellets containing the various pelletization aids were evaluated and their 
physical properties summarized in Table 8. All the investigated MCC grades in 
combination with lactose in 1:3 ratio produced highly spherical pellets with high 
yields and low span values indicating excellent performances of all the investigated 
MCC grades as pelletization aid. Statistical analysis showed that there was no 
significant difference among the formulations containing different MCC grades with 
respect to the produced pellet properties, i.e. oversize fraction, yield, D50, span, aspect 














PVP as pelletization aid was dependent on the X-PVP grade. During spheronization, 
the extrudates produced using the powder blends containing XL grade were broken up 
into very small and irregular fragments, forming a base layer on the frictional base 
plate. The fragments accumulated in the grooves on the frictional base plate and 
disrupted the regular tumbling rope-like motion of moistened material during the 
spheronization process. Due to the poor mass flow, a portion of the moistened 
material also adhered at the junction between the spheronizer wall and the frictional 
base plate. As such, only some pellets with a very low yield (13.3 %), high span, high 
aspect ratio and high roundness values, could be collected after the spheronization 
run. However, formulations containing the remaining X-PVP grades exhibited 
tumbling rope-like motion during the spheronization step and had low amounts of 
material adhesion. In addition, formulations containing these X-PVP grades produced 
pellets with high yields, low span, low aspect ratio and roundness values that were 

































































































































Spheronized at 471 m/min.  







2.4 Multivariate data analysis of MCC/X-PVP particle size in different 
conditions, rheological and pellet properties of MCC/X-PVP-200M 
formulations 
Multivariate data analysis was carried out to identify the underlying factors 
contributing to successful pelletization by the extrusion-spheronization process. 
Considering the nature of the dataset, principal component analysis (PCA) was used 
to detect interrelationships between the particle sizes of pelletization aid in different 
conditions, and the rheological and pellet properties of pelletization aid-lactose 
powder blends.  PCA, a variable-reduction procedure, is used to convert a set of 
variables into a smaller number of artificial variables, called principal components. 
The principal components for the variables are orthogonal with a common origin. The 
first principal component (PC1) lies along the direction of maximum variance and 
explains as much of the variation in the data set as possible. Each succeeding 
principal component explains as much of the remaining variation as possible. All the 
data were standardized by weights (1/standard deviation) to fit them to approximately 
the same scaling. In this study, 85 % and 8 % of the total variation in the dataset were 
explained by PC1 and PC2, respectively. The resultant score plot for pelletization aids 
and correlation loading plot for particle sizes of pelletization aid in different 
conditions, rheological and pellet properties of pelletization aid-lactose powder blends 
are shown in Figure 14 and Figure 15, respectively. The score plot showed that the 
XL grade was distinctly different and located far from the other X-PVP and MCC 
grades. In the correlation loading plot, the outer ellipse denotes 100 % explained 
variance, whereas the inner ellipse denotes 50 % explained variance. Hence, variables 








Figure 15. PCA correlation loading plot for different particle sizes of pelletization aid, 
and the rheological and pellet properties of pelletization aid-lactose powder blends; 
Pdry - dry state particle size whereas Pwet, Pext and Psph - in-process particle size of 




Dry state particle size, Pdry, was located inside the inner ellipse and did not appear to 
explain much of the variance. However, all the in-process particle sizes (Pwet, Pext and 
Psph) were located near to the outer ellipse and they appeared to be correlated to the 
pellet properties. All the in-process particle sizes correlated positively with WTmax, 
material adhesion, oversize fraction, span, aspect ratio and roundness, and correlated 
negatively with yield, and D50. 
2.5 Importance of pelletization aid particle size in extrusion-spheronization 
process 
Successful pelletization by extrusion-spheronization requires a wet mass that can 
produce extrudates with sufficient strength and plasticity. Strength helps the 
extrudates to hold the component particles together during spheronization, thereby 
resisting shattering under shear forces. On the other hand, plasticity helps to round the 
short extrudates into highly spherical pellets. Hence, the resultant pellet qualities are 
dependent on these two extrudate properties. Both the strength and plasticity of 
extrudates are contributed mainly by the pelletization aid. The magnitudes of these 
two parameters, in turn, are dependent on type and physical properties of the 
pelletization aid. The mixer torque rheometer can be used to determine the generated 
torque of moistened mass thereby allowing prediction of the strength of the potential 
extrudates. It is generally assumed that wet mass with higher torque values can 
produce extrudates of higher strength. For formulations containing X-PVP, the 
magnitude of their strength, as indicated by the torque values in the rheological 
profiles, were not as high as those obtained with MCC of similar in-process particle 
sizes. A large number of hydroxyl groups in the cellulosic chain are available for 
intra- and inter-molecular hydrogen bonding and are also capable of hydrogen 
bonding with water molecules.  Extensive hydrogen bonding could be responsible for 
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producing high strength extrudates for MCC-based formulations. In comparison, the 
lower number of hydrogen bond forming groups could also be the factor responsible 
for producing lower strength extrudates with X-PVP-based formulations. 
A pelletization aid containing smaller in-process particles should have larger specific 
surface area which provides effective contact and interaction with water as well as 
with other constituent ingredients in the formulation. Hence, moistened mass 
containing pelletization aid with smaller particle size possesses higher strength than 
those containing the same pelletization aid but of larger particle size. Moreover, 
formulations containing smaller particle size pelletization aid exhibit higher plasticity 
and extrudates containing smaller component particles would be expected to undergo 
rearrangement process more easily, providing a higher degree of sphericity for the 
resultant pellets. Having more or less similar in-process particle sizes, formulations 
containing the different MCC grades investigated in this study produced extrudates 
with similar strength and plasticity which subsequently produced pellets with similar 
sphericity, yield, size and size distribution.  
However, the differences in the rheological profiles of the formulations containing 
different X-PVP grades could be due to the different in-process particle sizes of the 
X-PVP grades. The extrudates produced from the powder blends containing the XL 
grade did not have sufficient strength and were broken up into small fragments during 
spheronization, producing poor quality pellets. Owing to their high strength and 
plasticity, formulations containing fine X-PVP grades produced good quality pellets. 
In summary, the experiments established that pelletization aid in-process particle size 
is the critical factor for successful pelletization by extrusion-spheronization. 
Formulations containing pelletization aid with small in-process particle size generally 
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produced good quality pellets. MCC grades with different particle sizes are actually 
aggregates of smaller particles with more or less similar size which de-aggregate by 
the application of forces in the presence of water. Hence, pellets with similar quality 
could be produced from different MCC grades with their conversion into smaller 




3 Process and formulation approaches to achieving a balance between 
cohesive and frictional forces for successful pelletization  
The focus of this study was to investigate approaches in process and formulation 
conditions to promote successful pelletization of moistened masses/extrudates with 
low cohesive strength and to gain insights into the corrective actions that may be 
introduced during extrusion-spheronization to improve the quality of the resultant 
pellets. 
During spheronization, the extrudates are mainly subjected to two types of forces, i.e. 
cohesive forces contributed by the liquid bridges between the component particles 
that confer cohesive strength for maintaining structural integrity and frictional forces 
due to the rotation of the spheronizer frictional base plate (tip speed) that provide 
shearing action to break up and reshape extrudates. These two types of forces work in 
opposition and a balance is required between them for success in pelletization. In the 
previous study, it was observed that the XL-200M powder blend exhibited low 
moistened mass cohesive strength and produced extrudates with insufficient strength 
which could not withstand the frictional forces associated with spheronization at a tip 
speed of 471 m/min. It was postulated that the low cohesive strength of the XL-200M 
extrudates could be balanced by a reduction in the tip speed employed for 
spheronization to facilitate successful pelletization. Alternatively, double extrusion 
could be employed during the extrusion step to increase the cohesive strength of the 
extrudates to accommodate the use of higher tip speeds during spheronization.  
From the previous study, it was also found that X-PVP particle size in the X-PVP-
lactose powder blend influenced wet mass and pellet properties. As the coarse particle 
size of the XL grade was the main contributing factor for the low cohesive strength of 
the moistened mass, it was postulated that decreasing the particle size of the 
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pelletization aid in the powder blend, e.g. by substituting the coarse XL grade 
particles with milled X-PVP particles obtained by cryo-ball milling of the XL grade, 
served to improve the cohesive strength of the moistened mass. In a similar way, 
substitution of lactose 200M with finer size grades of lactose was also investigated. 
3.1 Process approaches - Spheronization tip speed and double extrusion  
With regard to process approaches, the influences of spheronization tip speed during 
the spheronization step and double extrusion would be investigated using two grades 
of coarse X-PVP, XL and CL grades, to elucidate how pelletization of coarse X-PVP-
200M formulations could be improved.  
3.1.1 Influence of spheronization tip speed  
Tip speed during spheronization was found to affect various pellet properties 
differently depending on the magnitude of the tip speed employed (Table 9). For both 
XL- and CL-based pellet formulations, decreasing the tip speed employed during 
spheronization from 471 to 259 m/min generally led to a decrease in the SPpel values. 
However, no significant differences in the SPpel values were observed upon further 
decrease in tip speed (Table 10). Pellet yields above 75 % were obtained when the 
spheronization step was carried out at around or below the tip speed of 259 m/min. 
The highest D50 values were obtained with a tip speed of 358 m/min. D50 values 
decreased with tip speeds above and below 358 m/min (Table 9). These findings 
coincided with those reported by Wan et al. (1993) which concluded that the size of 
resultant pellets prepared from MCC-lactose formulations generally followed an 
increasing trend with an increase in tip speed up to an optima and thereafter decreased 
with further increase in tip speed. Aspect ratio and roundness values decreased when 
tip speed was reduced, reaching a minima at about 358 m/min tip speed before 
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starting to increase with further decrease in tip speed. For the XL- and CL-based 
pellet formulations, while tip speed did not have a remarkable influence on the 
volume of pores with pore diameters smaller than 30 µm, the volume of pores with 
pore diameters larger than 80 µm was distinctly higher for pellets produced from 
single processed extrudates with a tip speed of 471 m/min (Figure 16). Statistical 
analysis showed that XL-200M and CL-200M formulations, spheronized at 471 
m/min tip speed, exhibited significantly higher pellet porosity compared with 
corresponding formulations spheronized at the other tip speeds investigated. No 
significant difference in pellet porosity was observed between the pellet formulations 
spheronized at the other tip speeds (Table 10). CL-based pellet formulations exhibited 
the highest pellet bulk density with 358 m/min tip speed. However, no significant 
differences in pellet bulk density were observed for the XL-based pellet formulations 
when spheronized at the different tip speeds. Use of a comparatively wide range of tip 
speeds allowed for the investigation of the effect of the frictional forces generated by 
the frictional base plate on the quality of resultant pellets. The comparatively high 
frictional forces generated at the high end (471 m/min) of the investigated tip speed 
range caused the extrudates to shatter. With a decrease in the tip speed employed for 
spheronization, the packing of component particles in the moist agglomerates was 
maintained, improving yield and tightening the size distribution of the resultant 
pellets. Nevertheless, at the low end (141 m/min) of the investigated tip speed range, 
the frictional forces generated by the frictional base plate were sufficient for breaking 
up the extrudates into small cylindrical fragments but not enough to round the 
cylindrical extrudates into spherical pellets. As such, elongated pellets were produced 
as indicated by the higher aspect ratio values (Table 9). 
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Table 9. Properties of pellet prepared from XL-200M and CL-200M formulations spheronized at different spheronization tip speeds.  




























































































































































































































D50 - mass median diameter, SPpel - span value of pellets and Dm - median pore diameter.  







Table 10. Tukey test for the influence of spheronization tip speed on pellet properties.  
Formulations Material 
adhesion 
Yield D50 SPpel Aspect ratio Roundness Crushing 
strength 
Dm Porosity Bulk 
density 
XL-200M-471 vs. XL-200M-358 NS *** ** ** *** *** NS NS ** NS 
XL-200M-471 vs. XL-200M-259 * *** ** ** *** * ** NS ** NS 
XL-200M-471 vs. XL-200M-141 * *** ** *** *** *** *** NS * NS 
XL-200M-358 vs. XL-200M-259 NS * NS * *** *** *** * NS NS 
XL-200M-358 vs. XL-200M-141 NS ** NS * *** *** *** * NS NS 
XL-200M-259 vs. XL-200M-141 NS NS NS NS *** *** NS NS NS NS 
CL-200M-471 vs. CL-200M-358 ** NS * ** *** *** NS NS * ** 
CL-200M-471 vs. CL-200M-259 ** *** NS *** *** *** *** NS * ** 
CL-200M-471 vs. CL-200M-141 ** *** NS *** *** *** *** NS * * 
CL-200M-358 vs. CL-200M-259 NS *** * * *** * *** NS NS NS 
CL-200M-358 vs. CL-200M-141 NS *** ** ** *** *** *** NS NS * 
CL-200M-259 vs. CL-200M-141 NS NS NS NS *** *** *** NS NS NS 
p values < 0.001, <0.01, <0.05 and >0.05 are marked as ***, **, * and NS, respectively. 











Figure 16. Influence of spheronization tip speed on pore size-volume distribution; (A) 
XL-based pellets, ♦ XL-200M-471, ▲XL-200M-358, ●XL-200M-259 and ■ XL-
200M-141; (B) CL based pellets, ◊ CL-200M-471, Δ CL-200M-358, ○ CL-200M-259 



































































3.1.2 Influence of double extrusion 
The quality of both XL- and CL-based pellets was improved with double extrusion of 
the extrudates prior to spheronization (Table 9). Nevertheless, the extent of 
improvement in pellet quality was dependent on the X-PVP grade employed in the 
pellet formulation. Double extrusion of the extrudates obtained from the XL-200M 
powder blend led to a marked improvement in all the investigated pellet properties. 
Yield and D50 increased to 57.1 % and 1005 µm respectively. In addition, pellets 
produced from double-extruded extrudates had comparatively low SPpel, low aspect 
ratio and low roundness values. Furthermore, a prominent reduction in the volume of 
pores with pore diameters larger than 80 µm and smaller than 30 µm was observed 
(Figure 17). Pellet crushing strength and bulk density increased while pellet porosity 
decreased with double extrusion.  
Although significant increase in pellet yield, crushing strength and bulk density, and 
reduction in median pore diameter and porosity were also observed for CL-based 
pellets with double extrusion, these changes in the investigated pellet properties were 
not as prominent as those observed for the XL-based pellets. Double extrusion did not 
result in any significant change in material adhesion and D50 (t test, p > 0.05) for the 
CL-based pellet formulation. The higher cohesive strength of the extrudates upon 
double extrusion (Figure 18) indicated that another round of extrusion assisted in 
densifying the comparatively loosely packed XL-200M or CL-200M extrudates by 
reducing the inter-particulate void spaces. This improved strength resisted complete 
shattering of the extrudates during spheronization. Finally, pellets with higher bulk 
density, lower median pore diameter and porosity were produced from the double-




Figure 17. Influence of double extrusion on pore size-volume distribution of X-PVP-





Figure 18. Influence of double extrusion on cohesive strength of extrudates prepared 


















































However, the degree of densification thereby the improvement in extrudate cohesive 
strength was also dependent on the grade of X-PVP present in the powder blend. In 
comparison to CL-based formulation, better improvement in the pellet properties of 
the XL-based formulation might be due to the higher densification and higher 
cohesive strength of their double-extruded extrudates. 
3.2 Formulation approaches - Particle size reduction of component particles 
for improving moistened mass/extrudate cohesive strength 
With regard to formulation approaches, particle size reduction of pelletization 
component particles, i.e. via substitution of the coarse XL grade in the X-PVP-200M 
powder blends with milled X-PVP and substitution of lactose 200M in XL/CL-lactose 
powder blends with fine particle size grades of lactose, was investigated for 
improving moistened mass/extrudate cohesive strength for successful pelletization. 
The rheological profiles of powder blends comprising XL or milled X-PVP and 
lactose 200M are shown in Figure 19 while those of powder blends containing XL 
and CL with lactose of different particle size grades are given in Figure 20 and Figure 
21, respectively. The bar chart in Figure 22 showed the cohesive strength of 
extrudates prepared from XL/CL-lactose powder blends. The size, size distribution, 
bulk and tapped densities and rheological properties of the powder blends employed 




Figure 19. Rheological profiles of XL/milled X-PVP-200M powder blends; ♦ XL-




Figure 20. Rheological profiles of XL-lactose powder blends comprising lactose of 










































Figure 21. Rheological profiles of CL-lactose powder blends comprising lactose of 




Figure 22. Cohesive strength of extrudates prepared from XL/CL-lactose powder 
blends moistened with water corresponding to 90 % of WTmax of the respective 





































Table 11. Size, size distribution, bulk and tapped densities, and rheological properties of X-PVP-lactose powder blends containing X-
PVP and lactose of different particle size grades. 
Powder blend X50 
(µm) 









































































































































3.2.1 Influence of X-PVP particle size reduction  
The two powder blends containing milled X-PVP exhibited lower X50, higher bulk 
and tapped densities, lower WTmax and higher Tmax than the powder blend containing 
XL (Table 11, Figure 19). Higher cohesive strength was observed with the extrudates 
prepared from powder blends containing the milled X-PVP grades, XLMB1 (0.127 
Nm) and XLMB2 (0.274 Nm), than extrudates prepared from XL-200M powder 
blend (0.108 Nm). 
Pellet quality could be improved by reducing the particle size of the pelletization aid 
as demonstrated in particular by the powder blend containing XLMB2 which yielded 
pellets with high yield, low SPpel, low material adhesion, high crushing strength and 
high sphericity. Pellet porosity decreased with a decrease in the particle size of X-
PVP used in the pellet formulation (Table 12).  
The peak value and volume of pores with pore diameters larger than 80 µm decreased 
gradually with a decrease in the particle size of X-PVP (Figure 23). The pore volume-
size distribution curve for pore diameters smaller than 30 µm was observed to be 
wider with peak values that were more or less constant for the XL- and XLMB1-
based pellets but the pellets containing XLMB2 exhibited a narrower peak with a 


































































































































































































































D50 - mass median diameter, SPpel - span value of pellets and Dm - median pore diameter.  









Figure 23. Influence of particle size reduction of pelletization aid on pore size-volume 
distribution of pellets, ♦ XL-200M-471, ▲XLMB1-200M-471 and ● XLMB2-200M-
471. 
 
3.2.2 Influence of lactose particle size reduction  
When blended with finer lactose grades, both coarse X-PVP grades, XL and CL, 
yielded X-PVP-lactose powder blends with progressively higher span, lower X50, bulk 
and tapped densities as particle size of lactose in the blends decreased (Table 11). 
Particle size of the lactose grades in the powder blends containing XL (Figure 20) and 
CL (Figure 21) grades significantly influenced their rheological profiles. For the same 
pelletization aid, powder blends containing smaller particle size lactose grades 
generally exhibited higher Tmax and lower WTmax values (Table 11). The cohesive 
strengths of the extrudates increased progressively with decreasing lactose particle 
size in the powder blends (Figure 22).  
The pellet properties were significantly (ANOVA, p < 0.05) influenced by particle 






























Pore size (µm) 
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Replacement of 200M with smaller particle size lactose grades affected the different 
pellet properties in different ways. Several conclusions could be drawn from statistical 
analysis (ANOVA, Tukey test) of the data obtained (Table 13). The formulation 
containing XL or CL in combination with 200M had significantly higher material 
adhesion than the other XL/CL-lactose formulations. No significant differences in 
material adhesion were observed for formulations containing XL or CL with the 
remaining lactose grades. Pellet crushing strength followed an increasing trend with a 
decrease in particle size of the lactose in the pellet formulation. Furthermore, the 
volume due to larger pores (pore size > 80 µm) as well as smaller pores (pore size < 
30 µm) followed a decreasing trend when lactose 200M was replaced with finer 
grades of lactose in the pellet formulation (Figure 24). For both XL- and CL-based 
pellets, median pore diameter, pellet porosity and SPpel values decreased moving from 
200M to mic3 (Table 12).  
However, no further significant changes in median pore diameter, pellet porosity and 
SPpel values were observed when mic3 was replaced with mic2 (Table 13). Similarly, 
both aspect ratio and roundness values decreased reaching a minimum with the 
formulation containing mic3 but increased subsequently with a further decrease in the 
particle size of lactose employed in the formulations. For XL-based pellets, both yield 
and bulk density increased with a decrease in the particle size of lactose in the 
formulations, although no significant differences in yield and bulk density were 
observed when mic3 was replaced with mic2. Similar trends in yield and bulk 
densities were found for CL-based pellets but no significant differences were 
observed when 200M was replaced with 450M. 
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Table 13. Tukey test for the influence of lactose particle size on pellet properties.  
Formulations Material 
adhesion 




Dm Porosity Bulk 
density 
XL-200M-471 vs. XL-450M-471 * *** ** ** *** *** *** *** *** * 
XL-200M -471 vs. XL-mic3-471 ** *** ** *** *** *** *** *** *** *** 
XL-200M-471 vs. XL-mic2-471 ** *** ** *** NS *** *** *** *** *** 
XL-450M-471 vs. XL-mic3-471 NS * NS * * *** *** *** ** ** 
XL-450M-471 vs. XL-mic2-471 NS * NS * *** * *** *** *** ** 
XL-mic3-471 vs. XL-mic2-471 NS NS NS NS *** * *** NS NS NS 
CL-200M-471 vs. CL-450M-471 * NS NS * *** *** *** ** *** NS 
CL-200M-471 vs. CL-mic3-471 ** *** NS *** *** *** *** *** *** * 
CL-200M-471 vs. CL-mic2-471 ** *** NS *** *** *** *** *** *** *** 
CL-450M-471 vs. CL-mic3-471 NS ** NS *** *** *** *** *** *** * 
CL-450M-471 vs. CL-mic2-471 NS ** NS *** NS *** *** *** *** *** 
CL-mic3-471 vs. CL-mic2-471 NS NS NS NS * * *** NS NS NS 
p values < 0.001, <0.01, <0.05 and >0.05 are marked as ***, **, * and NS, respectively.  












Figure 24. Influence of lactose particle size on pore size-volume distribution; (A) XL 
based pellets, ♦ XL-200M-471, ▲XL-450M-471, ●XL-mic3-471 and ■ XL-mic2-



































































3.2.3 Multivariate data analysis of X-PVP-lactose powder blend, extrudate and 
pellet properties 
PCA was carried out to detect interrelationships between the physical properties of the 
powder blends, and the resultant extrudate and pellet properties. All the data were 
normalized by weights (1/standard deviation) to fit them to approximately the same 
scaling. From the resultant correlation loading plot (Figure 25), it was observed that 
Tmax, extrudate cohesive strength, yield, crushing strength and bulk density of pellets 
(BDpel) were correlated positively with span and correlated negatively with X50 of 
powder blends used. On the other hand, SPpel, aspect ratio, roundness, porosity and 
Dm of pellets correlated positively with X50 and negatively with span of powder blends 
used. Thus, the multivariate data analysis indicated that good quality pellets are 
mainly produced from components with lower X50 and/or higher span values of 
powder blends. 
 
Figure 25. PCA correlation loading plot for the physical properties of binary powder 
blends and resultant  extrudates and pellet properties; X50, span, BDpow, and TDpow, - 
median particle size, span, bulk and tapped densities of powder blend, respectively; 
SPpel - span value of pellets, BDpel - pellet bulk density, D50 - pellet mass median 
diameter, Dm - pellet median pore diameter. 
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3.2.4 Importance of particle size and size distribution of powder blend 
In the capillary state of liquid saturation, all void spaces in the agglomerate are 
occupied by the moistening liquid. Hence, the volume of liquid required to achieve 
capillary state of liquid saturation (WTmax) is more or less equivalent to the amount of 
intra-agglomerate void spaces present in the optimally moistened material bed. Small 
particles or particles with wide size distribution generally pack well and require less 
amount of moistening liquid to fill the inter- and intra-particulate voids to reach the 
capillary state of liquid saturation. Hence, powder blends with low X50 and/or high 
span value exhibited low WTmax values. Due to greater inter-particulate contact 
because of better packing, a decrease in the particle size of either X-PVP or lactose in 
the wet mass formulation increased its Tmax (Table 11) and the cohesive strength of 
the resultant extrudates (Figure 22). This higher cohesive strength of the extrudates 
helped them to undergo controlled break up during the initial phase of the 
spheronization process, thereby the typical rope-like motion was observed during 
spheronization with a decrease in material adhesion and increase in pellet yield. 
The median pore diameters for XL and CL powder beds were reported as 20.6 µm 
and 17.3 µm, respectively (Shah and Augsburger, 2001). The diameter of the largest 
pore in a XL powder bed was reported to be below 70.0 µm (Liew et al., 2005a). 
Thus, in the bi-modal pore size-volume distribution plot, the volume of pores with 
pore diameter larger than 80 µm were solely contributed by inter-particulate void 
spaces, whereas the volume of pores with pore diameter smaller than 30 µm were 
mainly contributed by intra-particulate void spaces in the porous X-PVP particles and 
to some extent by inter-particulate void spaces in the pellets. The decrease in the 
volume of larger pores with a decrease in X50 and/or with increase in span of the 
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whole powder blend suggested improved packing of the component particles in the 
pellets.  
The particle sizes of XLMB2 (37.0 µm) and 200M (33.9 µm) were relatively small 
and more or less similar. This similar small particle size of the component materials 
yielded a powder blend with a relatively narrow size distribution (span 1.60) and 
allowed for the uniform packing of the component particles during wet processing, 
leaving more or less monosize small pores in the resultant pellets. On drying, the 
XLMB2-200M-471 formulation showed low volume of larger pores but high volume 
of small pores (Figure 23). The improved packing of the component particles in the 
pellets increased their crushing strength and bulk density (Table 12). With sufficient 
frictional forces during spheronization, extrudates prepared from lower X50 and/or 
higher span powder blends should undergo better reshaping and densification which 
in turn improved pellet sphericity. However, extrudates produced from a powder 
blend with low X50 and very high span, i.e. X-PVP-mic2, were stronger and rigid such 
that the frictional forces generated during spheronization at a tip speed of 471 m/min 
may not provide sufficient shear for rounding them. Hence, the pellets that were 
produced were less spherical (Table 12). 
3.3 Extrusion-spheronization – Corrective actions to improve product quality  
The extrusion-spheronization process and corrective actions to improve product 
quality are summarized in Figure 26. Wet massing in extrusion-spheronization 
involves the addition of moistening liquid to the powder mass. Apart from liquid 
bridge formation, the moistening liquid acts as a lubricant for rearrangement and 





Figure 26. Schematics of extrusion-spheronization process and corrective actions to 






During extrusion, shear assisted consolidation enables particle-particle rearrangement 
and reduces the void spaces, densifying the wet mass. Due to densification, excess 
liquid is squeezed out to the extrudate surfaces and aids in surface smoothing as well 
as in lubricating the extrusion process. The degree of densification depends on the 
physical properties of the component materials such as shape, size, size distribution, 
and the amount of force applied during extrusion. 
Spheronization is the most critical step in pelletization by extrusion-spheronization as 
it is during this step that the moist extrudates are rounded into pellets. The 
spheronization process could be divided into two phases. During the initial phase,  the 
extrudates are broken up into short cylindrical fragments, with lengths dependent on 
extrudate diameter (Ghebre-Sellassie and Knoch, 2002), texture of the extrudate 
surface (Rowe, 1985), the groove width (Trivedi et al., 2007) and tip speed (Gandhi et 
al., 1999) of the spheronizer frictional base plate. In the subsequent phase of 
spheronization, continuous reshaping of the short cylindrical fragments occurs to re-
orientate component particles, especially those on the surface; thereby, the cylindrical 
fragments are rounded to form pellets. There should be a balance between frictional 
forces and cohesive forces to maintain the sequential packing and to form good 
quality pellets. The frictional forces generated by the rotation of the frictional base 
plate should provide sufficient shear to reshape the extrudate surfaces while the 
cohesive liquid bridges ensure structural integrity of the moistened material. This 
provides the component particles, especially those on the surface, a ‘jogging’ motion 
which helps to improve packing of the component particles and continuous reshaping 
of the short cylindrical fragments to form spherical pellets. If the frictional forces are 
high compared to the cohesive forces, the extrudates may shatter due to disruption of 
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the liquid bridges, increasing fines production and decreasing the mean particle size 
of the resultant agglomerates. On the contrary, if the cohesive forces are very high in 
comparison to the frictional forces, the component particles of the extrudates would 
resist reshaping, appearing finally as elongated entities. In such cases, higher 
frictional forces may be required to round the agglomerates (Figure 26). When 
cohesive forces and frictional forces are well balanced, the extrudates undergo further 
densification during spheronization. Finally, materials with good packing properties 
produce mechanically strong pellets with less void space. 
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4 Pelletization by extrusion-spheronization: Is pelletization aid an essential 
component requirement in the pellet formulation? 
It was observed in the previous study that adjustment of various process and 
formulation variables such as mean particle size and/or size distribution of the powder 
blend, and tip speed during spheronization, facilitated successful extrusion-
spheronization of a pelletization aid-lactose blend containing 25 % coarse X-PVP and 
improved the quality of the resultant pellets. Hence, it is plausible that single 
component pellets without a pelletization aid could be produced in a similar way by 
extrusion-spheronization with critical adjustment of the process and formulation 
variables. Thus, this study investigated the feasibility of producing single component 
pellets by extrusion-spheronization using pharmaceutical fillers or drug with different 
water solubility. Two pharmaceutical fillers, i.e. lactose (freely soluble in water, 189 
g/L at 25°C) (Machado et al., 2000) and DCP (insoluble in water, 0.2 g/L at 25°C) 
(Tajarobi et al., 2009), and a drug, ACP (sparingly soluble in water, 14 g/L at 25°C) 
(Lee et al., 2006) were used as model materials for the production of pellets without 
pelletization aid.  
4.1 Physical properties of single component powder blends  
The compositions and physical properties of the single component powder blends 
comprising pharmaceutical fillers or drug are presented in Table 14, whereas their 






Table 14. Composition and physical properties of single component powder blends.  
Powder 
blend 












(%, v/w) Material grade Amount 
(%, w/w) 

















































































Figure 27. Rheological profiles of single component powder blends; ♦ Lac-1, ▲ Lac-
2, ■ Lac-3, ◊ ACP-1, Δ ACP-2 and × DCP-1. 
 
4.2 Single component pellet production by extrusion spheronization  
For single component formulations, the effective range of water contents for extrusion 
and/or spheronization was optimized on the basis of preliminary trials batches. The 
effective range of water contents was observed to be very narrow and was dependent 
on the material composition. The wet mass obtained with the addition of water below 
the effective range was found to be difficult even to extrude. On the other hand, 
although it facilitated the extrusion of the wet mass, addition of water above the 
effective range gave rise to uncontrolled ball growth during spheronization. For 
successful extrusion, Lac-1 or ACP-1 required water contents amounting to 70 % of 
the WTmax. However, upon addition of water corresponding to 70 % WTmax, the 
powder blends with lower X50 and/or higher span values were observed to be still 
rather dry and very difficult to extrude.  They required water amounting to more than 

















Added water (%, v/w) 
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(Table 15), the wet masses obtained could be successfully extruded although they 
took longer time for extrusion than powder blend containing pelletization aid. 
However, unlike extrudates containing pelletization aid, the extrudates without 
pelletization aid did not exhibit the typical rope-like mass flow pattern during 
spheronization. It was observed that a few seconds after the start of the spheronization 
process, some of the moist material formed a stagnant layer on the spheronizer wall 
and remained separate from the rolling mass during the rest of the spheronization 
process. A spatula was thus fixed on the wall of the spheronizer at an angle of about 
20° to assist and direct the material flow during spheronization.  
Table 15. Amount of moistening liquid and spheronization tip speed employed in 
extrusion-spheronization of single component pellet formulations.  
Formulation Powder blend Water 
(% of WTmax) 
Tip speed 
(m/min) 
Lac-1-471 Lac-1 70 471 
Lac-2-471 Lac-2 75 471 
Lac-3-471 Lac-3 80 471 
Lac-1-259 Lac-1 70 259 
Lac-2-259 Lac-2 75 259 
Lac-3-259 Lac-3 80 259 
ACP-1-471 ACP-1 70 471 
ACP-2-471 ACP-2 75 471 
DCP-1-113 DCP-1 75 113 
 
The properties of the produced pellets from the different lactose and ACP single 
component pellet formulations are presented in Table 16. Photographs of the pellets 
and the pellet pore size-volume distribution plots are shown in Figure 28 and Figure 
29, respectively. Pellets could not be produced when the extrudates obtained from 
Lac-1 (X50 33.9 µm and span 3.11) were spheronized at a tip speed of 471 m/min. The 
extrudates shattered into powder and adhered on the frictional base plate and 
spheronizer wall. Spheronization with extrudates produced from Lac-2 (X50 25.9 µm 
and span 3.30) was also not stable as indicated by the very low yield, low D50 and 
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high SPpel values of the resultant pellets (formulation Lac-2-471, Table 16). With Lac-
3 (X50 19.9 µm and span 3.59), pellet quality improved (formulation Lac-3-471, Table 
16), albeit still inferior when compared to that of pellets containing MCC as a 
pelletization aid (Table 8). 
When spheronization tip speed was reduced to 259 m/min, the extrudates containing 
Lac-1 produced pellets with low yield, low bulk density, high SPpel, high porosity, 
high aspect ratio and roundness values (formulation Lac-1-259, Table 16). Good 
quality pellets could be produced when extrudates containing Lac-2 and Lac-3 were 
spheronized at a tip speed of 259 m/min. The pellets (formulations Lac-2-259 and 
Lac-3-259, Table 16) exhibited high yield, low oversize fraction, and low SPpel, aspect 
ratio and roundness values which were comparable to those of pellets containing 
MCC as a pelletization aid (Table 8). Although the crushing strength of Lac-3-259 
pellets was higher than that of Lac-2-259 pellets, it was still less than 40 % that of the 
MCC containing pellets (formulation PH101-200M-471, 5.862 N/mm
2
).  
Irregular shaped pellets with low yield and high SPpel values were obtained when 
spheronization was carried out at 471 m/min with extrudates containing ACP-1. 
Improvement in pellet quality as indicated by the higher yield, higher bulk density, 
lower porosity, lower SPpel and lower aspect ratio values was observed when ACP-2 
with smaller X50 (52.2 µm) and higher span (4.01) was used.  The aspect ratio and 
roundness values of ACP-2-471 pellets were comparable to those of MCC containing 




Table 16. Properties of lactose and ACP single component pellets. 



































































































































































   -- denotes measurement of crushing strength could not be carried out for Lac-2-471 and Lac-1-259 formulations. 
Values in the parentheses represent standard deviations 










     
     
Figure 28. Photographs of pellets; (A) PH101-200M-471, (B) Lac-3-471, (C) Lac-1-
259, (D) Lac-2-259, (E) Lac-3-259, (F) ACP-1-471, (G) ACP-2-471 and (H) DCP-1-
113 







     
     
Figure 28 (Continued). Photographs of pellets; (A) PH101-200M-471, (B) Lac-3-471, 
(C) Lac-1-259, (D) Lac-2-259, (E) Lac-3-259, (F) ACP-1-471, (G) ACP-2-471 and 
(H) DCP-1-113 







Figure 29. Pore size-volume distribution of single component pellet formulations; ♦ 
Lac-1-259, ▲ Lac-2-259 and ● Lac-3-259, ◊ ACP-1-471 and Δ ACP-2-471. 
 
For DCP, pellets could be produced when extrudates containing DCP were 
spheronized at a low tip speed of 113 m/min.  However, it was observed that upon 
drying, the produced pellets were not strong enough to withstand processing rigours 
during pellet characterization. The dried pellets were weak and tended to crumble 
when subjected to vibrational forces applied during particle sizing by sieving. 
4.3 Pelletization by extrusion-spheronization - Forces involved in holding 
component particles in wet and dried pellets  
As observed in the investigations on single component pellet production, lactose and 
ACP wet mass/extrudate cohesive strength could be improved by incorporating fine 
particles into the formulation for extrusion-spheronization. Small particles or particles 
with wide size distribution promoted good packing as they can pack more closely 
together, increasing the number of inter-particulate contacts. As such, the inclusion of 
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water (over a comparatively narrow and low range) and precise selection of 
spheronization tip speed assisted in nullifying the requirement of a pelletization aid 
during extrusion-spheronization and pellets comparable to those produced from 
formulations containing a pelletization aid could be produced.  
In pelletization by extrusion-spheronization, formation of the pellet structure takes 
place while the material is in the wet state. To produce a wet mass with sufficient 
cohesive property and plasticity for successful pelletization, the material should be 
easily wetted by the moistening liquid. The material surface water imparts plasticity 
to the wet mass, providing its reshaping ability. It also forms liquid bridges between 
the component particles. In the wet state, the forces responsible for holding the 
component particles together are predominantly cohesive forces due to the formation 
of liquid bridges. These liquid bridges between component particles help to maintain 
the integrity of the extrudates during spheronization when they are being rounded into 
pellets. Nevertheless, on drying the liquid bridging the component particles is lost. As 
such, the forces holding the component particles together in the dried pellets are likely 
hydrogen bonds, solid bridges due to crystalline of solutes, interlocking bonds and 
bonds due to inter-particulate forces such as van der Waals forces. Successful 
formation of these bonds requires component particles to be in close proximity and is 
dependent on good packing.   
High crushing strength of the dried MCC-lactose pellets is associated with the 
hydrogen bonding and the stronger solid crystalline bridges. Due to the porous 
structure of MCC, the MCC-lactose formulations required a comparatively larger 
amount of water as moistening liquid for successful extrusion and spheronization. 
This larger amount of water can dissolve a greater amount of lactose which upon 
drying forms strong, solid crystalline bridges. 
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 In the case of pellets without pelletization aid, the major bonds responsible for 
holding component particles together in the dried pellets are the solid crystalline 
bridges. The solubility of the material is the critical factor in maintaining structural 
integrity by forming solid crystalline bridges in the dried pellets. On the whole, the 
crushing strength of pellets produced from formulations without a pelletization aid 
was found to be dependent on the solubility of the component material. In general, 
material with higher water solubility produced stronger pellets. The dried lactose 
pellets generally exhibited higher crushing strength than the dried ACP pellets as 
lactose is freely water soluble (189 g/L at 25°C) (Machado et al., 2000) and ACP 
sparingly water soluble (14 g/L at 25°C) (Lee et al., 2006). However, as DCP is 
insoluble in water, chances of solid bridges forming between the DCP particles upon 
drying were very low. Therefore, the forces available for holding the component 
particles together in the dried state were only the weak inter-particulate forces. As 
observed in this study, these forces were not strong enough to withstand further 
processing rigours, even those encountered during pellet characterization.  
Hence, for single component pellet production by extrusion-spheronization without 
using a pelletization aid, the material for pelletization should ideally be soluble or 
partially soluble in the moistening liquid. This is not only for ease of wetting by the 
moistening liquid but also for dissolving some of the component particles which upon 
drying can re-crystallize to form the necessary solid crystalline bridges for 
maintaining the structural integrity of the dried pellets.   
4.4 Role of pelletization aid in pelletization by extrusion-spheronization 
As it has a porous structure, the pelletization aid is able to absorb and retain a large 
quantity of the water added to the formulation. The absorbed water may be squeezed 
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out to the surface with densification of the wet masses/agglomerates by the forces 
applied during extrusion/spheronization. The sponge-like activity of the pelletization 
aid assists in maintaining the critical surface water during extrusion/spheronization. 
However, after extrusion, the excess surface water may be reabsorbed into the interior 
of the extrudates upon withdrawal of the applied force, maintaining a comparatively 
dry surface. This water release and re-absorption property of the pelletization aid 
allows the formulations to maintain the critical surface water required for extrusion 
and spheronization over a wide range of water contents. On the other hand, for 
formulations without pelletization aid, good quality pellets could only be produced 
over a comparatively low and narrow range of water contents. These materials, being 
nonporous in nature, are not effective as a pelletization aid in controlling the 
distribution and movement of water in the wet masses/extrudates undergoing 
extrusion/spheronization. Upon withdrawal of the forces applied during 
extrusion/spheronization, the wet masses/extrudates are not able to regulate the 
moisture squeezed out to the surface of the extrudates/wet agglomerates by re-
absorbing the excess. It is thus important for the amount of water to be added to the 
formulation to be critically adjusted such that it is just sufficient to provide the 
necessary surface water on the wet masses/extrudates for attaining the desired level of 
plasticity during extrusion/spheronization. Hence, extrusion as well as spheronization 
without use of a pelletization aid was found to be generally more challenging with 
respect to process and formulation flexibility. 
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5 Effect of component material type, particle size and size distribution on the 
pellet surface roughness, disintegration and drug dissolution  
In the previous studies, it was observed that type, particle size and size distribution of 
the component material are key determining factor in pellet formation by extrusion-
spheronization.  It is thus plausible that the type, particle size and size distribution of 
the component material has a role to play in determining pellet surface roughness, 
disintegration and drug dissolution. In the design of multiparticulate drug delivery 
systems surface roughness of pellets employed as cores for coating may have an 
impact on their resultant coat quality whereas the disintegration and drug dissolution 
properties of the pellets influence drug release from the dosage forms. Therefore, this 
study investigated the influence of component material type, particle size and size 
distribution on pellet surface roughness, disintegration and drug dissolution 
properties.  
5.1 Pellet surface roughness  
It was observed that in general MCC-lactose and X-PVP-lactose formulations 
produced pellets with comparable D50, aspect ratio and roundness values, although 
XL-450M-471-R pellets exhibited lower yield and higher SPpel (Table 17). The SEM 
photomicrographs of the investigated pellet formulations are given in Figure 30, while 
their quantitative surface roughness data, as represented by Ra and Rq, are shown in 
Table 18. Both qualitative and quantitative surface roughness assessments showed 
that the surfaces of MCC-lactose pellets were similar irrespective of the MCC grades 
used, whereas the surfaces of X-PVP-lactose pellets were dependent on the X-PVP 
and lactose grades used.    
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D50 - mass median diameter and  SPpel - Span value of pellets 








     
     
Figure 30. SEM photomicrographs depicting the surface of MCC/X-PVP-lactose 
pellets; (A) PH102-450M-471-R, (B) PH101-450M-471-R, (C) PH105-450M-471-R, 
(D) XL-450M-471-R, (E) XL-10-450M-471-R, (F) INF-10-450M-471-R, (G) XL-10-











     
     
Figure 30 (Continued). SEM photomicrographs depicting the surface of MCC/X-
PVP-lactose pellets; (A) PH102-450M-471-R, (B) PH101-450M-471-R, (C) PH105-
450M-471-R, (D) XL-450M-471-R, (E) XL-10-450M-471-R, (F) INF-10-450M-471-




















































Values in parentheses represent standard deviations. 
All the MCC-based formulations were found to have similar Ra and Rq values and 
formed a group in the PCA score plot (Figure 31) indicating similar degree of surface 
roughness irrespective of the particle size grade of MCC employed in the starting 
MCC-450M powder blends. These findings were congruent with observations made 
from the SEM photomicrographs of MCC-450M pellets with similar smooth surfaces. 
The similar surface roughness of pellets produced from powder blends containing the 
different MCC grades with different dry state particle sizes suggested that interactions 
between the MCC and lactose particles in the wet state were identical across these 
formulations. The observation supported the de-aggregation phenomenon of MCC 
particles in the presence of water. During wet processing, MCC grades with different 
dry state particle sizes undergo de-aggregation, yielding smaller particles of 
comparable size which were distributed in a more or less similar manner among the 




Figure 31. PCA score plot of MCC and X-PVP-based pellet formulations investigated 
for surface roughness.  
 
In contrast, the findings made with MCC were not observed with X-PVP as 
pelletization aid in place of MCC. Unlike MCC, the commercially available X-PVP 
grades are not agglomerates of smaller sub-units that are susceptible to de-aggregation 
with application of forces during wet processing. As observed in the previous study 
on in-process particle sizes of different MCC and X-PVP grades (Chapter IV, section 
2), different MCC grades with large differences in their dry state particle sizes had 
more or less similar in-process particle sizes whereas the in-process particle sizes of 
the different X-PVP grades investigated were not remarkably different from their 
respective dry state particle sizes. As such, packing of the component particles of the 
X-PVP-lactose formulations was influenced by the dry state particle size of the X-
PVP. The surfaces of the investigated X-PVP-lactose pellets did not appear to be 
similar (Figure 30) and their Ra and Rq values were found to be dependent on the 
particle size grade of X-PVP employed in the starting X-PVP-450M powder blend 
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(Table 18). In general, X-PVP-450M pellets containing larger particle size grades of 
X-PVP had rougher surfaces as reflected by their higher Ra and Rq values (Table 18). 
A similar trend was seen with starting powder blends containing XL-10 and different 
particle size grades of lactose. 
Among the X-PVP-lactose pellet formulations, the XL-450M-471-R and XL-10-
125M-471-R pellet formulations exhibited significantly higher Ra and Rq values 
(Table 18) and were located far from the other X-PVP-lactose formulations in the 
score plot (Figure 31). These findings could be attributed to the relatively larger X50 
and correspondingly high span of the resultant powder blends obtained by blending 
coarse XL (183.5 µm) or 125M (65.9 µm) particles with comparatively smaller 450M 
(23.9 µm) or XL-10 (30 µm) particles (Table 19).  With the relatively large XL or 
125M particles in the blend composition, the resultant blends may not pack as closely 
together as small particles would. Consequently, the pellets produced had an overall 
more uneven and ‘bumpy’ surface appearance with greater variation in peak heights 
on the pellet surfaces (Figure 30).  
From this study, it could be concluded that as the dry state particle size of MCC did 
not influence the degree of pellet surface roughness, MCC of different dry state 
particle size grades could be used inter-changeably as the pelletization aid in the 
starting powder blend to produce pellets with comparable surface roughness. 
However, the same could not be said in the case of X-PVP and lactose where the dry 
state particle size of X-PVP is an important determinant of the pellet surface 
roughness of the resultant pellets as X-PVP particles do not undergo de-aggregation 
during wet processing like MCC. With X-PVP-lactose powder blends, it was 
observed that the blends with relatively high X50 and correspondingly high span 
generally produced pellets with greater degree of surface roughness. 
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Table 19. Particle size and size distribution of MCC/X-PVP-lactose powder blends 
used for pellet production in the surface roughness study.  

































Values in parentheses represent standard deviations. 
5.2 Pellet disintegration and drug dissolution properties  
In this study, the influence of component material type, particle size and size 
distribution on the disintegration and drug dissolution properties of the resultant 
pellets was investigated.  Ibuprofen loaded MCC-lactose, X-PVP-lactose and lactose 
pellets were prepared by replacing 5 % lactose with ibuprofen (Table 20). Crushing 
strength, disintegration and dissolution properties of ibuprofen loaded pellets are 







Table 20. Composition of ibuprofen loaded pellets and tip speed used in 
spheronization. 
Values in parentheses represent standard deviations. 
*5 % 450M replaced with ibuprofen 
**5 % 200M replaced with ibuprofen 
 
 
Table 21. Crushing strength, disintegration and drug dissolution properties of 































































































Values in parentheses represent standard deviations. 
DT - disintegration time; T50 and T90 - time taken for 50 % and 90 % drug release, respectively and 









PH101-450M-471-IB PH101-450M* 44.0 471 
XL-450M-471-IB XL-450M* 58.5 471 
XL-10-450M-471-IB XL-10-450M* 54.0 471 
INF-10-450M-471-IB INF-10-450M* 45.0 471 
CL-450M-471-IB CL-450M* 40.5 471 
CLM-450M-471-IB CLM-450M* 45.0 471 
Lac-2-259-IB Lac-2 ** 12.0 259 
Lac-3-259-IB Lac-3** 11.2 259 
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5.2.1 Disintegration time 
It could be seen that all the X-PVP-based pellets disintegrated faster than the MCC-
based pellets. Among the investigated X-PVP grades, the CL-based pellets exhibited 
the fastest disintegration (disintegration time 0.2 min) followed by the XL-based 
pellets (disintegration time 4.8 min). Pellets prepared with lactose but without 
addition of pelletization aid exhibited faster disintegration times than those containing 
pelletization aids.  
5.2.2   Drug dissolution properties 
The drug release profiles of pellets containing pelletization aid are depicted in Figure 
32. PH101-based pellets remained intact throughout the investigated 8 h dissolution 
testing period. CLM-, XL-10- and INF-10-based pellets also remained intact during 
the dissolution study although they were observed to disintegrate within 3 h during 
disintegration testing. CL- and XL-based pellets disintegrated during the dissolution 
study.  However, the time taken for them to disintegrate during the dissolution study 
was longer than the time observed during disintegration testing. Evidently, the 
dissolution profiles obtained from formulations containing pelletization aid could be 
divided into three distinct groups, with the PH101- and CL-based pellets releasing at 
the slowest and fastest rates, respectively. The other pellet formulations fell between 
the 2 extremes. PH101-based pellets exhibited slower drug release rates than all the 
investigated X-PVP-based pellets as indicated by their longer T50, T90 and MDT 
values. Pellets prepared with lactose but without addition of pelletization aid exhibited 




Figure 32. Drug release profiles of ibuprofen loaded pellet formulations containing 
pelletization aid; ◊ PH101-450M-471-IB, ● XL-450M-471-IB, ▲ XL-10-450M-471-




Figure 33. Drug release profiles of ibuprofen loaded lactose-based pellet formulations 























































5.2.3 Multivariate data analysis of particle size and size distribution of powder 
blends, and disintegration and dissolution parameters of ibuprofen loaded 
pellets 
PCA of the dissolution data obtained from the investigated formulations was 
performed. The score and correlation loading plots are shown in Figure 34 and Figure 
35, respectively. In the score plot, several groups were observed depending on the 
component material present in the pellets. Ibuprofen loaded lactose-based 
formulations without pelletization aid formed a separate group.  The X-PVP-based 
formulations were divided into three groups, formulations containing CLM and XL 
formed one group, formulations containing INF-10 and XL-10 grades formed another 
group and the formulation containing CL remained separate from the other X-PVP 
based formulations. The PH101-based formulation was also located separately. From 
the correlation loading plot, it was observed that X50 and span of the powder blend did 
not correlate with the disintegration time and the different drug dissolution 








Figure 35. PCA correlation loading plot for particle size and size distribution of 
binary powder blends, and disintegration and drug dissolution parameters of pellets; 
X50, span, - median particle size and span of powder blend, respectively; DT-
disintegration time, MDT-mean dissolution time, T50 and T90 time for 50 % and 90 
% drug release.  
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5.2.4 Influence of component material type, particle size and size distribution on 
pellet disintegration and drug dissolution 
The disintegration of a solid dosage form depends on several factors which include 
type, particle size and size distribution of component materials in the dosage unit, and 
hydration capacity, and swelling behaviour of the material(s) in the disintegration 
medium. The drug release profile of the solid dosage form depends mainly on the 
disintegration of the dosage unit and solubility of the drug in the dissolution medium.  
It has been suggested that the amorphous ends of MCC fibres at the surface of these 
particles may initially be intra-molecularly hydrogen bonded with each other. During 
wet processing of the MCC into pellets, these intra-molecular hydrogen bonds may be 
disrupted upon exposure to a polar solvent such as water, allowing the fibres to 
become more mobile. On drying, some of these amorphous ends may form inter-
molecular hydrogen bonds with the amorphous ends of other MCC particles (Millili et 
al., 1996). When these MCC-based pellets are placed in water during disintegration 
and dissolution testing, the inter-molecular hydrogen bonding network of MCC is 
stabilized by hydrogen bonds formed between water molecules and the hydroxyl 
(OH) groups constructing inter-chain hydrogen bonds in MCC (Watanabe et al., 
2006). Furthermore, the crushing strengths MCC-based pellets were very high. This 
stabilization of inter-molecular bonds and high crushing strength of MCC-based 
pellets may be responsible for maintaining the integrity of the pellets during the 
disintegration and dissolution studies. For this reason, pellets containing MCC did not 
disintegrate but remained intact while the drug was released over a prolonged period 
of time.  
On the other hand, disintegration of the X-PVP-based pellets might be due to less 
possibility of hydrogen bond formation in the X-PVP, as X-PVPs contain only one 
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donor group. The fast disintegration of CL- and XL-based pellets might be due to the 
relatively high swelling pressure of the CL (171 kPa) and XL (110 kPa) (Quadir and 
Kolter, 2006) and low crushing strength of the CL- and XL-based pellets (Table 21). 
As mentioned previously, the component particles in the coarse X-PVP containing 
pellets are relatively loosely packed. When the particles are loosely packed, the rate of 
entry of water into the pellet is increased, resulting in a faster hydration and break up 
of dosage unit.  
The disintegration of pellets prepared from lactose was mainly based on surface 
erosion of the pellet. The component particles and solid crystalline bridges in the 
lactose-based pellets are prone to dissolve in water during disintegration and 
dissolution.  
Through assessing various parameters, the disintegration and drug release profiles of 
pellets produced by extrusion-spheronization were shown to be influenced more by 
the type of the component material, rather than their particle size and size distribution. 
These findings are valuable and useful, especially to drug product formulators, in the 
selection of appropriate materials to achieve the desired drug release pattern in 













CHAPTER V. CONCLUSION 
In the first study, the interactions of MCC with different moistening liquids were 
investigated. All the investigated MCC grades with different dry state particle sizes 
were susceptible to de-aggregation by the application of forces in the presence of a 
moistening liquid. The extent of break up of the MCC particles into smaller sub-units 
was found to be dependent on the polarity of moistening liquid used and the extent of 
the force applied in terms of sonication time. From these findings, it was postulated 
that MCC grades with different particle sizes are actually aggregates of small 
individual particles which are held together by hydrogen bonding and some 
electrostatic forces. These hydrogen bonds are susceptible to break up in the presence 
of a polar solvent and application of forces assists to counteract the electrostatic 
forces, thereby releasing the individual particles. The MCC-moistening liquid 
interaction could explain why successful production of pellets was not possible with 
MCC when ethyl alcohol or IPA was used as the moistening liquid. However, 
investigation of the influence of moistening liquid on other physical properties of 
MCC was beyond the scope of this project. Further research is needed to extend the 
understanding of MCC-moistening liquid interaction in terms of other physical 
properties of MCC.   
To study the influence of the different wet processing steps of extrusion-
spheronization on pelletization aid particle size, materials obtained after each of the 
processing steps were dispersed in deionized water and their particle sizes measured. 
It was found that irrespective of large differences in their dry state particle sizes, all 
the investigated MCC grades produced smaller particles with more or less similar size 
after the different processing steps. However, no significant changes in particle size 
were observed for the commercial X-PVP grades used as alternative pelletization aid 
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to MCC. These findings established that pelletization aid in-process particle size 
rather than the dry state particle size is the critical factor for successful pelletization 
by extrusion-spheronization. These findings could explain the similar quality of 
pellets produced from various MCC grades with different dry state particle sizes and 
the unsuccessful pellet production using coarse X-PVP as the pelletization aid.  
The median particle size of the coarse X-PVP-200M powder blend was relatively high 
due to the presence of coarse X-PVP on its composition. In turn, the component 
particles in the extrudates obtained from the powder blend were comparatively 
loosely packed. As a result, the extrudates exhibited very low cohesive strength and 
could not produce pellets when spheronization was conducted at high tip speed. 
However, pelletization with this formulation could be improved with reduced 
spheronization tip speed. Double extrusion and particle size reduction of either X-
PVP or lactose facilitate closer packing of the component particles which in turn 
improves cohesive strength of extrudates. This improved cohesive strength prevents 
shattering of the extrudates during the spheronization process. These observations 
demonstrated that good packing property of the component particles is crucial for 
successful pellet production.  
The importance of packing was further proven by the production of single component 
pellets with merely lactose, ACP or DCP, without using pelletization aid. However, 
pelletization without pelletization aid was found to be more challenging. Successful 
pelletization without a pelletization aid required critical optimization of the 
formulation variables, i.e. amount of moistening liquid, particle size and size 
distribution of the powder blend, as well as process variables, i.e. spheronization tip 
speed. Furthermore, it was found that the strength of the resultant pellets was 
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dependent on the solubility of the component material. For a material that is insoluble 
in water, sufficient crystallline bridges could not formed between the component 
particles on drying to maintain the integrity of the pellets. These studies provided 
compelling evidence that it is not the amount and type of pelletization aid but rather, 
the arrangement of component particles or packing that is the critical factor for a 
moistened powder mass to produce pellets. Even good quality pellets can be produced 
using single component drug substance if the particle size and/or particle size 
distribution of the component material can be optimized for good packing. 
Estimation of WTmax using the mixer torque rheometer could provide an insight 
regarding the packing of material in the presence of a moistening liquid. However, 
this is an indirect method for assessing packing of material in the presence of 
moistening liquid. Thus, another interesting avenue for future work is to explore a 
direct method to study the wet packing of material.  
The influence of component material type, size and size distribution on pellet surface 
roughness, disintegration and drug dissolution were also investigated. Pellets prepared 
from formulations with similar wet packing properties that differed only in the grade 
of the MCC used, exhibited similar surface roughness. These findings were attributed 
to the conversion of MCC with different particle size into smaller particles with more 
or less similar size during the different wet processing steps. However, formulations 
with different X-PVP or lactose grades exhibited significant influence on the surface 
roughness of the produced pellets. It was also observed that the MCC-based pellets 
did not disintegrate and released drug over a long period of time, whereas X-PVP-
based pellets disintegrated and exhibited faster drug dissolution. The drug dissolution 
and disintegration time of X-PVP-based pellets were not markedly influenced by the 
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size and size distribution of the powder blends. This study underlines the fact that 
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